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ABSTRACT
INTERACTIVE EFFECTS OF COVER CROPS, INVERTEBRATE COMMUNITIES
AND SOIL HEALTH IN CORN PRODUCTION SYSTEMS
CLAIRE LACANNE
2017
The adoption of regenerative farming practices is gaining traction, but the costs and
benefits are not often considered on a systems level. Encouraging biodiversity and soil
health is the goal of many agricultural practices used in regenerative farming;
regenerative systems employ practices which abide by the two main principles of
increasing biodiversity and decreasing disturbance, with the goal of encouraging
ecosystem functioning to minimize inputs and maximize the productivity of a farm. I
examined the management of corn (Zea mays) fields across four states in the Upper
Midwest region of the United States. Regenerative systems in this study used practices
such as using cover crops, not tilling, and abandoning the use of insecticide. The
comparative system, a conventional management system, consisted of practices such as
no cover crop or a period of bare soil, use of tillage, and use of insecticidal techniques. In
this study, invertebrate community characteristics, soil health metrics, relative litter
degradation rates in the presence and absence of invertebrates, yield, and profitability
were assessed. Relationships among these metrics were examined, and trends between
systems were also analyzed.
Regenerative systems had reduced pest pressure relative to insecticide-treated
conventional systems. Regenerative systems also hosted more robust epigeal and soil
invertebrate communities, which were correlated with fewer pests. Regenerative systems
had generally healthier soil and soil community characteristics; soil health in cornfields
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was positively correlated with invertebrate abundance and species richness, and there was
more litter breakdown in regenerative systems. I conclude that systems which employ
several farming practices focused on conserving biodiversity have healthier soil
characteristics and higher biological activity in their soils. Regenerative systems had
lower yields but were more profitable than conventional corn systems. The main drivers
for this profit were return on grain, cost of seed (including pest management technology
fees), and cost of fertilizer. Systems which employ several farming practices focused on
conserving biodiversity have healthier invertebrate communities which resist pests and
have healthier soil, forming the basis for more profitable crop production which is less
reliant on agricultural inputs.
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CHAPTER 1: LITERATURE REVIEW OF CORN (Zea mays) CROP
PRODUCTION, PEST MANAGEMENT, AND SOIL QUALITY

1.0 Biodiversity in agriculture
Currently, there are widespread and major biological diversity (biodiversity) losses
across the planet (Cardinale et al.; 2012; Barnoksy et al.; 2011). Many of these losses are
inherently linked to the intensification and extensification of the food production system;
34% of all land area is used for agriculture (NASS 2016; Butler et al. 2007; Stoate et al.
2001). Due to the immense scale of agricultural systems, decisions made on these
agroecosystems have the potential to affect nearly every other habitat. Simultaneously
with this global decline in biodiversity, diversity within agroecosystems is also waning,
and there are huge increases in monoculture crops on the landscape (NASS 2016). The
importance of biodiversity to the productivity of agricultural systems has been recognized
for some time (Jackson et al 2007; McNeely and Scherr 2003; Matson et al. 1997; Brush
1995). Incorporating biodiversity into agricultural systems now is especially timely; the
perpetuation of the stability and resilience of the food production system may rely on it
(Schipanski 2016; Frison et al. 2011). Indeed, the current agriculture paradigm in the
United States involves high-input, low-diversity systems; approximately 5% of the land
area in the contiguous United States (U. S.) (38.24 million ha), was planted to corn in the
U. S. in 2016 (NASS 2016).This results in a large area of the United States being a single
crop monoculture, replacing biodiversity with an artificial ecosystem which requires
consistent human inputs (NASS 2016; Altieri 1994). The majority of corn acres are
treated with herbicides, such as glyphosate (isopropylamine and potassium salts),
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atrazine, and acetochlor (79%, 55%, and 29%, respectively) (NASS factsheet 2014),
maintained with chemical fertilizer such as nitrogen, phosphate, and potash (97%, 80%,
65%, respectively) (NASS 2016; NASS 2014), the seed is coated with insecticidal
neonicotinoids, and approximately 94% of acres are planted to genetically modified
(GM) varieties (NASS 2016; Douglas and Tooker 2015). These inputs are currently the
only way that these simplified systems can remain productive (Foley et al. 2011;
Cardinale et al. 2003).
These issues necessitate more evidence that a biodiverse system provides
environmental and economic benefits. Biodiversity is important at all tiers of the
agricultural landscape, scaling from the billions of soil microbes that decompose organic
matter (Pankhurst et al. 1996) to wasps and bats that reduce crop pests (Cleveland et al.
2006; Landis et al. 2000). In previous centuries, farmland agroecosystems were diverse
mixes of grazing land, crop land, wetlands, et cetera (Bignal and McCracken 2000;
Altieri 1999) which could support and use biodiversity. Simplified agoecosystems lack
basic functional components, and therefore are deficient in their capacity to support their
own soil fertility and pest regulation (Loreau 2008; Altieri 1998; Altieri 1994). Loss of
diversity in agriculture is therefore dangerous for several reasons, including that diversity
loss makes our food supply more vulnerable to outbreaks of pests and disease (Horrigan
et al. 2002). In part, this vulnerability is due to the fact that an ecosystem which is
species-rich is more resilient and adaptable to external stress than one with a limited
range of species (Balvanera et al. 2006; Altieri 1994). Large monocultures of plants are
supposed to be less resilient to pests because these monocultures are not interacting with
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other organisms, nor drawing in the diverse community of insects that function as
biological control of pest proliferation (Altieri 1994; Root 1973).
2.0 Corn production in the Midwest region of the United States
Varieties of Zea mays L., called corn or maize, are grown throughout the United
States (NASS 2016, Wilkes 2004). Corn originated in the Western Hemisphere, arising in
Southern Mexico and Guatemala 7,000-10,000 years ago, and was an integral part of
societies in North and South Americas when European explorers arrived, and cultivars of
this single crop have now proliferated nationwide (Wilkes 2004). Corn is a C4 grass and
is a cross-pollinated species with separate male and female organs, traits that differentiate
it from many grain-producing plants. George Shull’s discovery that hybrid lines of corn
yielded higher than inbred lines marked the beginning of pivotal movement in food
production in 1908 (Shull 1908). Corn is currently the primary feed grain for livestock in
the United States, accounting for more than 95% of total feed grain production and use
(USDA Economic Research Service 2016; Hallauer and Carena 2009). In 1983, corn
acreage equaled 24.4 million hectares planted. Due to provisions in the Federal
Agriculture Improvement and Reform Act in 1996, which allowed farmers to make their
own crop planting decisions based on the most profitable crop for a given year (USDA
Economic Research Service 2016; Lundgren and Fausti 2015). Furthermore, the desire of
the United States to decrease dependence on fossil fuels resulted in the 2005 Renewable
Fuel Standard (also known as the ethanol mandates), which exacerbated the increase of
acres planted to corn in the United States (USDA Economic Research Service 2016;
Fausti 2015) and corn now encompasses over 38.24 million ha of land in the United
States (NASS 2016).
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Not surprisingly for this ubiquitous monoculture of corn, technologies are generally
used to manage insect pests, in accordance with the current high-input paradigm in
agriculture (NASS 2016; Varenhorst et al. 2016; Douglas and Tooker 2015). Following
the discovery of hybrid corn yield increases, more advanced methods of genetic
engineering dramatically changed corn production upon adoption; by 2014, 89% of acres
planted to corn in the United States were planted to herbicide-tolerant varieties, allowing
corn producers to more easily use herbicides to kill weeds without threatening corn
production (USDA Economic Research Service 2016).
The adoption of insect resistant corn, specifically Bt varieties, was relatively gradual,
until fairly recently. Bt corn acreage went from 8% to just 19% from 1997 to 2001, then
jumped to 29% in 2003. Then came a huge leap—a 50% increase—and in 2016, 79% of
corn planted was a Bt variety (USDA Economic Research Service 2016). Today, insect
pests of corn are primarily managed through the use of crop rotation and insecticides, in
the form of Bt hybrid corn and insecticidal seed treatments, as well as foliar insecticide
sprays (NASS 2016; Varenhorst et al. 2016). There are problems with these strategies
such as pest resistance to insecticides (Pereira et al. 2015; Liu et al. 2006) and Bt toxins,
(Gassmann 2016; Herrero et al. 2016), even resistance to rotation has been observed
(Dunbar and Gassmann 2013; Gray et al. 2009). Additionally, the high cost of genetically
modified varieties is currently coupled with lower profit from corn in recent years. In
fact, corn prices have fluctuated over the past 10 years, and have declined by 54% since
their peak in 2012. The national average that corn producers earned for 2016 is $3.20 per
bushel and despite declining profitability, acres planted to corn increased 7% from 2015
to 2016 (NASS 2016). The declining solvency of the current corn production system is
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driving innovation in ways that reduce input costs and increase profitability for corn
farmers. Conscientious and ecologically-based land stewardship is essential to the longterm sustainability and maximizing the long-term profitability of corn production
operations. However, the implications of incorporating biodiversity as a means to
improve ecological and economic feasibility of pest management has been overlooked.
3.0 Insect pests and beneficial insects in corn in the Midwest region of the United States
The insect pests of corn which are managed for the Midwest include several
species from the orders Lepidoptera, Coleoptera, as well as Hemiptera: Aphididae.
Coleopteran pests include corn rootworm species Diabrotica virgifera virgifera LeConte,
Diabrotica barberi Smith & Lawrence, and less importantly, Diabrotica
undecimpunctata howardi Barber (Western, Northern, and Southern corn rootworms,
respectively) (Beckler, Chandler, and French 2005; Levine and Oloumi-Sadeghi 1991;
Chiang 1973). Midwestern corn’s main lepidopteran is Ostrinia nubilalis Hübner
(European corn borer) (Hutchison 2010; Chiang 1972). Helicoverpa zea Boddie (corn
earworm) (Bartels 1995), Striacosta albicosta Smith (Western bean cutworm) (Catangui
and Berg 2006; Blickenstaff and Jolley 1982), and various species of the genus
Spodoptera (armyworm) (Calvin and Tooker 2009) are more sporadic as corn pests in the
Midwest. Aphid pest species include Rhopalosiphum maidis Fitch (corn leaf aphid) and
Rhopalosiphum padi Linneaus (bird cherry oat aphid) (Varenhorst et al. 2016; Kuroli
1983; Everly 1960). The coleopterans and lepidopterans are managed primarily through
the use of Bt-hybrid corn. The aphid species are managed with foliar applications of
pesticides (Varenhorst et al. 2016). These pest species are one small component of the
species that exist in a corn production system, yet are targeted without considering their
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place in the scheme of a biodiverse community. Corn pests are often additionally
managed with prophylactic use of neonicotinoid-treated corn seed, in fact, 94% of corn
seed planted was treated with neonicotinoids in 2015 (Kleinschmit and Lilliston 2015). In
addition, 92% of all corn planted in the U.S. in 2016 were planted using some form of
biotechnology seed (NASS 2016). These pest species are one small component of the
species that exist in a corn production system, yet are targeted without considering their
place in the scheme of a biodiverse community, when many beneficial insect species
exist that interact with insect pest species.
Many beneficial, or at least non-pest, insects are found in corn fields in the
Midwest region; Lundgren and colleagues found that 93% of arthropod species in South
Dakotan corn fields were either beneficial or neutral to corn production, 80% of those
species being predators (Lundgren and Fasuti 2015). Beneficial invertebrates found in
agroecosystems include generalist predators like spiders and beetles from Carabidae,
Staphylinidae, and other coleopteran families (Lang et al. 1999), earthworms which affect
the chemical and physical properties of the soil (Riley 2008; Fonte 2007), detritivores
like collembolans and mites that breakdown organic material (Ke and Scheu 2008;
Snyder and Hendrix 2008). Some of these species, notably predators, directly target corn
herbivore pests such as various coccinellid species (lady beetles), Orius insiduosus Say
(minute pirate bug), and Chrysoperla carnea Stephens (green lacewing) which prey on
small herbivores such as aphids, thrips, pest eggs, psyllids, and leaf miners (Rutledge et
al. 2004; Frazer and Gilbert 1976).
4.0 Biodiversity in agroecosystems
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Increased vegetation diversity often positively correlates with increased insect
biodiversity (Lundgren 2009; Heimpel and Jervis 2005). Biodiversity refers to all species
of plants, animals and microorganisms interacting within an ecosystem, and is integral to
ecosystem resilience (Oliver et al. 2015; Vandermeer 1989). Increased biodiversity
affects pests in a number of ways (Stachowicz 2001; Pimentel 1961). Competition for
food and space (Holt 1977; Hairston 1960)—as well as mutualism, parasitism,
commensalism, and amensalism—are all important for determining community structure,
composition, and function (Stachowicz 2001). These mechanisms likely interact and play
significant roles in insect pest suppression and management. Several ecological
hypotheses exist to explain lower pest abundances in biodiverse ecosystems (Altieri
1994). These hypotheses include associational resistance, natural enemy hypothesis,
resource concentration, and plant “apparency” (Altieri 1994). The associational
resistance hypothesis is attributed to a study in which Root (1973), found that ecosystems
with diverse, interacting plant species have an associational resistance to herbivores in
addition to the resistance of individual plant species (Root 1973). This associational
resistance is proposed to be due to a more complex structure, chemical environment, and
microclimates which make it more difficult for specialized pest species to adapt to (Root
1973; Tahvaninen and Root 1972). There are several additional proposed mechanisms
behind associational resistance, including that changes in microclimate caused by a
diverse plant community can manipulate the behavior of invertebrates (Barbosa et al.
2009) and that specific competition among members of the plant community can directly
alter the behavior of herbivores and natural enemies by altering an herbivore’s host
(Barbosa et al. 2009; Tahvaninen and Root 1972). The aforementioned natural enemy

8

hypothesis is also attributable to Root (1973). The resource concentration hypothesis
proposes that insects can be directly influenced by concentration and distribution of their
host plants, and that a lower host plant concentration makes it more difficult for an insect
pest to locate its host (Andow 1991; Root 1973). The plant “apparency” hypothesis
applies mostly to the application of intercrops and proposes that intercrops make crop
plants less apparent than they would be in a monoculture (Barbosa et al. 2009;
Tahvaninen and Root 1972). Several studies support one or several of the main ecological
hypotheses concerning pest control in diverse agroecosystems (Barbosa et al. 2009;
Altieri 1999; Tahvaninen and Root 1972). Overall, increasing diversity of the plant
community can increase biological control of insect pests in a variety of ways, and in
addition, increased diversity reduces grower dependence on pesticides, which benefits
both agriculture and the environment (Landis et al. 2005; Nicholls and Altieri 2004).
Again, one important way that vegetation diversity aids in pest management is
through the accumulation of natural enemy species, or insects that prey on herbivore
pests (Letourneau et al. 2011; Lundgren et al. 2006; Frank and Shrewsbury 2004; Lang et
al. 1999; Menalled et al. 1999; Brust et al. 1986). The majority of farm fields lack this
vegetation diversity; thus, natural enemies tend to reside on the exterior edges of fields.
Consequently, predation typically takes place near the margins of large crop fields, if at
all (Haysom et al. 2004; Fournier and Loreau 2002; Thomas and Marshall 1999), instead
of providing biological control in interior of the field itself. Several natural enemy species
consume vegetation-based foods (seeds, pollen, nectar, and vegetation) to augment their
diet, and diverse plant communities support alternative prey and vegetation-based foods
not found in monocultures (Lundgren et al. 2006; Lundgren et al. 2004; Coll and
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Guershon 2002; Altieri and Whitcomb 1979). A meta-analysis conducted by Letourneau
and colleagues (2009) showed that species richness of natural enemies significantly
increased top-down control of herbivores in agroecosystems (Letourneau et al 2009).
Polycultures of plants have a greater abundance and diversity of natural enemies of insect
pests than monocultures, due to more diversity of prey and habitats (Root 1973).
5.0 Cover crops in an agroecosystem
5.1 Cover crop benefits
Cover crops are plants that are grown in place of a fallow period (Mutch and Snapp
2003; Creamer and Baldwin 2000), so can function to draw invertebrates to the interior of
a crop field. Cover crops have myriad benefits; they reduce soil erosion by providing soil
stability via root communities and ground coverage (Battany and Grismer 2000; Creamer
and Baldwin 2000). These plants can improve soil quality by alleviating the severity of
erosion (Pimentel et al. 1995); they also help with weed management by suppressing
growth (Hooks and Johnson 2003; Bugg and Waddington 1994) as well as improve water
quality, increase nutrient cycling (Dabney et al. 2001) and assist with forming soil
aggregation. Cover crops can increase nitrogen fixation, depending on the plant species
(Anugroho et al. 2009; Parkin et al. 2006). Additionally, replacing fallow periods with
cover crops decreases nitrate leaching (Parkin et al. 2006; Tonitto et al. 2006). Often
emphasized is the fact that cover crops assist with carbon sequestration (Poepleau and
Don 2014; Sarrantonio 2007; Al-Sheikh et. al. 2005; Lal 2002; Sainju et al. 2002).
Carbon sequestration is especially important in agriculture, as the largest amount of
organic terrestrial carbon lies in the soil, thus understanding carbon sequestration and soil
organic matter (SOM) is pertinent to help mitigate negative environmental impacts of
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high-intensity agriculture and address climate change concerns (Lal 2002; Cole et al.
1996). The long term use of cover crops also can alleviate compaction, reduce bulk
density, reduce penetration resistance, and increase total carbon, (all positive indicators of
soil health), in both conventional and no-till grain production systems (Poepleau and Don
2014; Villamil et al. 2006; Williams and Weil 2004). Crop rotation in general, even
without replacing a fallow period with ground cover, has long been demonstrated to
improve yield and control plant diseases and again, can help control for host-specific crop
insect pests (Honek 1997; Francis and Clegg 1990). The use of cover crops also can add
animal biodiversity and this soil community in turn directly affects soil health (Lehman
2015; Fonte 2010; Fonte 2007). In a review, Giller et al. (1997) proposed that on an
agricultural scale, soil biodiversity likely serves two functions: 1) contributing to the
productivity of the systems via crop yields, plant biomass, livestock production and 2)
buffering the functions of the soil and their resilience to risks in the environment, but
questions remain regarding the specific functioning of invertebrate, non-microbial
biodiversity on soil quality.
5.2 Cover crops as means to incorporate biodiversity
Implementing cover crops into a cropping system is one way to increase vegetation
diversity in an agroecosystem, and specifically, within a crop field itself. Though current
high-input monoculture agriculture has increased short-term productivity, it results in a
reduction of invertebrate diversity in agroecosystems (Benton et al., 2003; Tilman et al.
2002; Krebs et al.1999; Sotherton 1998) Increasing vegetation inside a field in an
agroecosystem can affect the insect communities in a multitude of ways; and cover crops
can provide the vegetation biodiversity to draw in more diverse assemblages of insects
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which can include natural enemies of pests into the interior of a field (Koch et al. 2015;
Lundgren 2009; Landis et al. 2000; Andow 1991; Murdoch et al. 1985). Additionally,
making a field more complex and diverse makes a pest’s target crop less apparent, and
may cause crop-feeding insects to leave a field at greater rates than when the field is a
monoculture of the crop plant (Vandermeer 1989; Root 1973). By incorporating a cover
crop in a rotation, a farmer can break the cycle of a monoculture-fallow-monoculture
(often a repetitive, consistent rotation), thereby making it difficult for herbivore pests to
adapt to an ever-changing, diverse rotation (Dunbar and Gassmann 2013; Gray et al.
2009). Utilizing any kind of crop rotation can result in higher levels of soil organic matter
than continuous corn (Brady 1990), and using crop rotations which replace a fallow
period with a diverse cover crop harbors additional benefits, such as providing
overwintering habitat for arthropods (Lundgren and Fergen 2011; Lundgren and Fergen
2010). In general, more arthropods are present on covered ground than on bare soil
(Honek 1997), thus, eliminating a period of bare soil and replacing it with plant cover
should increase arthropod abundance. Soil biota is heavily reliant on organic material in
and on the soil, and organic matter integration in the soil is dependent on soil biota; the
rate and degree of organic material degradation depends on soil organisms (Brady 1990;
Peterson and Luxton 1982). Cover crops can provide that organic material to sustain soil
biota.
Habitat stability is essential for beneficial arthropod presence both above and within
the soil and monoculture, annual, cropping systems which have periods of bare soil and
conventional tillage regimes are especially susceptible to outbreaks of insect pests
(Wackers and Bianchi 2009; Wiedenmann and Smith 1997). Minimal soil disturbance has
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been correlated with increased invertebrate biodiversity (Miura et al. 2008; Six et al.
2004; Kladivko 2001). Therefore, combining cover crops and reduced tillage would
likely promote invertebrate biodiversity more effectively than either tactic alone,
although this has not been well studied. Practices such as using cover crops and limiting
disturbance are often used on an entire field or cropping system, and thus should be
analyzed on a system-wide scale.
6.0 Soil in agroecosystems
6.1 Soil community and biodiversity
Much of the biodiversity of an agroecosystem exists in the soil. Soil community
interactions—microbes, invertebrates, plant roots, etc.—affect the quality of crops and
nutrient cycling, resilience and resistance to stress, and very likely affect overall
ecosystem functioning, though myriad relationships between soil biodiversity and
ecosystem functions are still obscure (Brussaard et al. 2004; Chapin et al. 2000). Minimal
soil disturbance, such as limited to no tillage, has the potential to encourage soil
community health; minimal soil disturbance has been linked to increased invertebrate
biodiversity (Lehman 2015; Kladivko 2001), therefore, combining cover crops and
reduced tillage can promote invertebrate biodiversity. Soil invertebrate biodiversity has
the potential to affect biodiversity in an entire agroecosystem (Kladivko 2001;
Bonkowski 2000); Bonkowski and colleagues found that soil dwelling protozoans
significantly affect aphid (aboveground insect pest) performance on crop plants,
indicating that detritivore and herbivore communities are intimately connected
(Bonkowski et al. 2001). Different agricultural practices influence the activity and
diversity of soil biota, where intensification tends to lead to lower biotic abundance and
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less biodiversity (Miura et al. 2008; Riley et al. 2008; Fonte et al. 2007; Giller et al.
1997). Many invertebrates such as arthropods, arachnids, and annelids in the soil are
important in agroecosystems, as many of them can influence the physical properties of
soil, as well as aboveground dynamics (Lehman et al. 2015; Fonte et al. 2010; Fonte et al.
2007; Lavelle 1988; Brussaard 1997). The ecosystem services which soil invertebrates
provide tend to be overlooked within agricultural systems, perhaps because the current
production paradigm is heavily reliant on human intervention.
6.1.2 Invertebrate functioning in soil
Human inputs are not the only means by which soil health and fertility can be
mediated, in truth, soil organisms provide myriad ecosystem services. Soil organisms are
responsible for decomposing organic matter, assisting with cycling nutrients, and
providing bioturbation (Brussaard 1998; Brussaard 1997; Verhoef and Brussaard 1990).
Microorganisms such as bacteria, Archaea, fungi, and Protozoa are responsible for much
of the decomposition and nutrient cycling, but meso- and macro- fauna, invertebrates
such as arthropods, arachnids, and annelids are especially important for bioturbation and
general decomposition (Brussaard 1998; Brussaard 1997; Powlson 1987; Seastedt 1984).
Several studies have attempted to assess the benefits and ecosystem services that
invertebrates contribute to the soil. Earthworms can dramatically increase nutrient
cycling in agroecosystems (Fragoso et al. 1997; Lavelle 1988). Earthworms, termites, and
ants are commonly cited as “ecosystem engineers”, or organisms that physically change
the soil environment through bioturbation and making tunnels in the soil (Holec and
Frouz 2006; Jimenez and Decaens 2006; Jouquet et al. 2006). Mites, collembolans
(springtails), earthworms, isopods, millipedes, and insect larvae break down plant litter
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entering the soil, contributing to soil organic matter (Snyder and Hendrix, 2008;
Brussaard, 1998). It is well substantiated that arthropods can positively impact soil
health.
Soil management practices such as tillage have major impact on soil biota—high
frequency tillage disrupts insect communities by degrading habitat and removing food
and shelter resources (Letourneau et al. 2009; Landis et al. 2000). A study by
Twardowski et al. 2016 found that species richness and diversity of collembolans were
higher in systems with no-till and crop rotation than long-term monocultures with tillage
(Twardowski et al. 2016). Studies corroborate that earthworm functioning is adversely
affected by conventional tillage practices (Riley et al. 2008; Fonte et al. 2007). These
examples demonstrate that land management practices affect not only the soil organisms
themselves, but their habitats, as well as the services that soil organisms provide.
6.2 Soil characteristics in cropland
There is increased interest concerning the impact of agricultural management on soil
quality. The Soil Science Society of America defines soil quality as "the capacity of a
specific kind of soil to function, within natural or managed ecosystem boundaries, to
sustain plant and animal productivity, maintain or enhance water and air quality, and
support human health and habitation" (Karlen et al. 2003; Karlen et al. 1997). Soil quality
indicators are measurable attributes that influence the ability of soil to perform crop
production or ecosystem service purposes (Karlen et al. 2003; Arshad and Martin 2002).
Indicators of healthy soils include: organic matter, water infiltration rate, aggregate
stability, pH, microbial biomass and function, forms of nitrogen, bulk density, topsoil
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depth, conductivity, and available nutrients (Six et al. 2000; Karlen et al. 1997; Tiessen et
al. 1994).
Organic matter content of soils is a particularly valuable metric, as this characteristic
affects the nutrient cycling, pesticide and water retention, porosity, pH buffering capacity
and structure of a soil; these traits make organic matter the basis for fertility and
productivity of soil (Craswell and Lefroy 2001; Karlen et al. 1997; Tiessen et al. 1994).
Organic matter analyses determine the amount of organic carbon present in a soil and can
be assessed several ways, including analyzing the particulate organic matter (POM) and
soil organic matter (SOM) in a soil sample. Water infiltration rate translates to runoff and
leaching potential, efficiency of plant water use, and erosion potential (Karlen et al. 1997;
Brady 1990).
Bulk density indicates the ability of plant roots to penetrate the soil, affects water and
air filled pore space, and influences biological activity (Karlen et al. 1997; Adams 1973;
Brady 1990). Studies have investigated the effect of some soil management practices on
soil quality; soil carbon and soil nitrogen were greater under no-till management than
either reduced till or conventional till practices in several studies (Six et al. 1999; Six et
al. 1998) demonstrating that tillage practices do have significant effects on soil
characteristics.
7.0 Profitability of various crop production systems
The economic benefits of incorporating biodiversity into an agroecosystem remain
understudied, and assessing the potential of biodiversity-mediated pest management and
soil quality should be directly compared to high-input, conventional methods of pest and
soil management. The different crop production systems in the Midwest run the gamut
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from conventional, high-input/traits-based, organic, reduced tillage, no-till with some
inputs, no-till with no inputs, and everywhere in between (NASS 2016). Studies have
assessed the comparative yield in organic versus conventional systems, which tends to be
about 20-25% lower in organic than conventional systems, as further corroborated by
meta-analyses conducted by de Ponti and colleagues and Suefert and colleagues (Gabriel
et al. 2013; Seufert et al. 2012; de Ponti et al. 2011). These studies did not determine the
comparative profitability of these systems, and profitability is relatively understudied in
comparisons of management practices. A study comparing no-till and conventionallytilled durum wheat found that no-till wheat had higher yield in dry conditions than
conventionally-tilled wheat though in normal wet conditions there was no significant
difference (de Vita et al. 2007), Kumar and colleagues found mixed results in no-till corn
(Kumar et al. 2014). Profitability is worthy of exploration when comparing these various
management practices because encourage conservation agricultural behaviors solely on
the premise of environmental concern is idealistic, and encouraging these conservation
ideals is likely to influence only a minority of farmers. Therefore, providing economic
evidence of the profitability of various agricultural systems is a better approach to
persuade behavioral changes, as postulated in an analysis of farmers’ conservation
behavior which concluded that perceived profitability was the most important factor in
influencing conservation agricultural practices (Cary and Wilkinson 2009).
8.0 Context of this study
Literature strongly suggests that agriculture and food production must undergo a
major paradigm shift to address the major biodiversity losses caused by agricultural
practices (Butler et al. 2007; Altieri 1999; Pimentel et al 1992). Biotechnologies and
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intensive inputs are enabling the current archetype of large, sterile monocultures to
persist, but many of these inputs are limited resources. The need for utilizing ecological
principles in agriculture is well substantiated. Several studies have examined individual
aspects of this insect, soil, and management practice complex (Koch et al. 2015; Landis
et al. 2000; Altieri 1999), but this study is unique in its systems-wide approach as well as
its focus on the specific practices of incorporating cover crops, eliminating tillage, and
reducing insecticides as methods of integrating and preserving invertebrate biodiversity
and soil health in an agroecosystem. Additionally, though several comparisons of corn
yield in various systems exist (Gabriel et al. 2013; Seufert et al. 2012; de Ponti et al.
2011; de Vita et al. 2007), the profitability of these varied systems is understudied,
especially when comparing systems outside of organic and conventional systems. A
comprehensive examination of invertebrate communities, soil health, yield, and
profitability of different management practices in corn production systems is especially
timely for both the conservation of natural resources and for the perpetuation of crop
production. This study sacrifices some mechanistic insight to address the enigma of how
real, in situ, farmer-developed land management practices, developed by leaders in
regenerative production affect the insect communities, soil health, and profitability of
corn production.
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CHAPTER TWO: INVERTEBRATE COMMUNITIES IN DIFFERENTLY
MANAGED CORN (Zea mays) PRODUCTION SYSTEMS, TILLAGE, COVER
CROPS, AND INVERTEBRATE COMMUNITY RELATIONSHIPS

Abstract
The adoption of regenerative farming practices is gaining traction, but the costs and
benefits are not often considered on a systems level. Regenerative systems employ
several farming practices aimed at increasing biodiversity and decreasing disturbance.
Here, we investigate how regenerative farming practices and overall system management
affects community characteristics of invertebrates in corn (Zea mays) fields across four
states in the Midwest region of the United States. Foliar, epigeal, and soil invertebrate
communities were sampled across twenty farms and invertebrate community
characteristics were analyzed. Regenerative systems, and specific practices within these
systems, reduced pest pressure relative to insecticide-treated conventional systems.
Regenerative systems also hosted more robust epigeal and soil invertebrate communities,
which were correlated with fewer pests. We conclude that systems which employ several
farming practices focused on conserving biodiversity have healthier invertebrate
communities that resist pests; these systems form the basis for more profitable crop
production less reliant on agrichemical input costs.
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1.0 Introduction
Approximately 5% of the land area in the contiguous United States (U. S.) (38.24
million ha), was planted to corn in the U. S. in 2016 (NASS 2016). This single crop
monoculture, which occupies approximately 30% of arable acres planted in 2016 (NASS
2016), effectively replaces historic biodiversity (Schmid et al. 2015; Butler et al. 2007)
with an artificial ecosystem which requires consistent human inputs (NASS 2016; Altieri
1994). These simplified agroecosystems are deprived of basic functional components,
and therefore lack the capacity to support their own soil fertility and pest regulation
(Loreau 2008; Altieri et al. 1998; Altieri 1994). The insect pests of corn are primarily
managed through the use of crop rotation and insecticides, in the form of Bt-hybrid corn
and insecticidal seed treatments, as well as foliar insecticide sprays (NASS 2016;
Varenhorst et al. 2016). There are problems with these strategies such as pest resistance
to insecticides (Pereira et al. 2015; Liu et al. 2006) and Bt-toxins, (Gassmann 2016;
Herrero et al. 2016), even resistance to rotation (Dunbar and Gassmann 2013; Gray et al.
2009). The economic cost of genetically modified varieties is currently coupled with
lower profit from corn (NASS 2016; Benbrook 2009). Fostering practices that promote
plant diversity and soil conservation is one solution to the long-term sustainability of corn
production operations. However, the ecological and economic feasibility of incorporating
biodiversity as a pest management tool is often overlooked.
The insect pests of corn that are typically managed for the Midwest include several
species from Lepidoptera, Coleoptera, and Hemiptera: Aphididae. Coleopteran pests
include corn rootworm species Diabrotica virgifera virgifera LeConte, Diabrotica
barberi Smith and Lawrence, and less importantly, Diabrotica undecimpunctata howardi
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Barber (Western, Northern, and Southern corn rootworms, respectively) (Beckler et al.
2005; Levine and Oloumi-Sadeghi 1991; Chiang 1973). The main lepidopteran pest is
Ostrinia nubilalis Hübner (European corn borer) which negatively affects the Corn Belt
region (Hutchison 2010; Chiang 1972). Helicoverpa zea Boddie (corn earworm) (Bartels
1995), Striacosta albicosta Smith (Western bean cutworm) (Catangui and Berg, 2006;
Blickenstaff and Jolley 1982) and various species of the genus Spodoptera (armyworm)
(Calvin and Tooker 2009) are more sporadic pests in the Midwest. Aphid pest species
include Rhopalosiphum maidis Fitch (corn leaf aphid) and R. padi Linneaus (bird cherry
oat aphid) (Varenhorst et al. 2016; Kuroli 1983; Everly 1960). The coleopterans and
lepidopterans are managed primarily through the use of Bt-hybrid corn. The aphid species
are managed with applications of pesticides (Varenhorst et al. 2016). These pests are
often additionally managed with prophylactic use of neonicotinoid-treated corn seed;
94% of corn seed planted is treated with neonicotinoids (Kleinschmit and Lilliston 2015;
Benbrook 2009). 92% of all corn planted in the U. S. in 2016 were planted using some
form of biotechnology seed (NASS 2016). These pest species are one small component
of the species that exist in a corn production system, yet are targeted without considering
their place in the scheme of a biodiverse community (Lundgren and Fausti 2015). Though
current high-input monoculture agriculture has increased short-term productivity, it
results in a reduction of invertebrate diversity in agroecosystems that drives pest
proliferation (Benton et al. 2003; Tilman et al. 2002; Krebs et al. 1999; Sotherton 1998).
Increased vegetation diversity often positively correlates with increased insect
biodiversity (Lundgren 2009a; Heimpel and Jervis 2005). Biodiversity refers to all
species of plants, animals and microorganisms interacting within an ecosystem, and is
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integral to ecosystem resilience (Oliver et al. 2015; Cardinale et al. 2012; Altieri 1999).
Plant diversity aids in pest management in part through the accrual of predators and
parasitoids of herbivore pests (Letourneau et al. 2011; Letourneau et al. 2009; Cardinale
et al. 2003). Encouraging in-field vegetation diversity can help to mitigate edge effects in
predation often experienced in monoculture settings (Haysoma et al. 2004; Fournier and
Loreau 2002; Thomas and Marshall 1999; Desender 1982). Increased biodiversity affects
pests in a number of ways, not solely by means of predation (Holt 1977); competition for
food and space (Holt 1977; Hairston et al.1960), mutualism, parasitism, commensalism,
and amensalism all can affect community characteristics and function (Loreau 2001;
Stachowicz 2001; Menge and Sutherland 1976). These mechanisms play significant roles
in insect pest suppression and management; Menge and Sutherland (1976) concluded that
competition among organisms reduces diversity in simple environments, while a
combination of competition and predation increased overall diversity in complex
environments, demonstrating that organism interactions are complex and partially
mediated by management practices (Menge and Sutherland 1976). The myriad ways that
insect community members can interact remain understudied within an applied, complex
context. Overall, studies suggest that increasing diversity tends to decrease pest
populations, and moreover, reduces grower dependence on insecticides (Lundgren and
Fasuti 2015; Landis et al. 2005; Nicholls and Altieri 2004). This benefits both agriculture
and the environment.
There are a number of agronomic practices that are associated with enhancing
biological diversity within farmland. Implementing cover crops into a cropping system is
one way to increase vegetation diversity in an agroecosystem, and specifically, within a
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crop field itself. Increasing vegetation in an agroecosystem can affect the insect
communities in these ecosystems in a multitude of ways; vegetation biodiversity draws in
a more diverse assemblage of insect taxa which can include natural enemies of pests
(Koch et al. 2015; Lundgren and Fergen 2011; Landis et al. 2000). Additionally, making
an agricultural landscape more complex and diverse with more frequent rotation makes a
pest’s target crop less apparent, and may cause crop-feeding insects to leave a field at
greater rates than when the field is a monoculture of the crop plant (Vandermeer 1989;
Root 1973). Minimal soil disturbance has also been linked to increased invertebrate and
microbial biodiversity (Lehman et al. 2015; Plaza et al 2013; Kladivko 2001). Therefore,
combining cover crops and reduced tillage should promote invertebrate biodiversity.
Frequent and intense disturbance such as tillage disrupts insect communities and pools of
natural enemies through the degradation of habitat and through removal or limitation of
their food and shelter resources (Kladivko, 2001; Landis 2000). Habitat stability fosters
natural enemy efficacy, and typical monoculture, annual, cropping systems which have
periods of bare soil and conventional tillage regimes are especially susceptible to
outbreaks of insect pests (Wackers and Bianchi 2009; Wiedenmann and Smith 1997).
Here, we examine how cover crops, tillage, and insecticide use interact to contribute
to insect community dynamics and pest proliferation, and describe pest resistant corn
production systems in the Upper Great Plains of the U. S. where a growing number of
corn producers are adopting lower-input, more diverse management practices. To
accomplish this, we identified ten pairs of farms that represent best management practices
in regenerative and conventional corn production systems, and created bioinventories of
the invertebrates in the soil column, soil surface, and foliar habitats of each cornfield.
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Pest populations and general populations were quantified at each site. This work aims to
provide empirical substantiation of the pest management efficacy of both insecticide-free
production systems and systems which abide by the current pesticide-intensive paradigm.
2.0 Materials and methods
2.1 Experimental conditions.
Ten pairs of farms were selected for invertebrate sampling. All fields were
planted to Zea mays (corn), and were a minimum of 4 ha in size. These farms represented
two fundamental systems; regenerative versus conventional models. Traits of each farm
are presented in Table 1. Specific practices that were used in the systems were
categorized as using a cover crop (regenerative) or leaving bare soil (conventional); notilling (regenerative) or tilling (conventional); and abandoning the use of insecticide
(regenerative) or using insecticide (conventional). A farm was considered a regenerative
system if more than one regenerative practice was used, and regenerative fields tended to
use diverse crop rotations in addition to the other practices. All regenerative farms have
used their respective regenerative practices for a minimum of 3 y, and are regarded by
peers as local leaders in regenerative farming. In addition to always having periods of
bare soil, conventional cornfields all had a limited crop rotation consisting of either cornsoybean or a continuous corn rotation. Conventional cornfields also all used some form
of Bt-hybrid corn seed, pesticide (fungicide and neonicotinoid insecticide) seed treatment,
and herbicide sprays. Regenerative cornfields all incorporated diverse cover crops into
their rotation and had few, if any, chemical inputs. Three regenerative fields were
certified organic, and seven regenerative fields were no-till, limited input systems. Seven
farm pairs were sampled summer 2015, and three pairs were sampled in 2016. Four
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independent sites (61× 61 m each), were segregated on each farm (separated by at least
15 m), for a total of 40 sites for each treatment. Each regenerative and conventional farm
pair were within 50 km of one another.
2.2.0 Invertebrate sampling.
Invertebrate sampling was conducted at each field twice during the growing
season; once during corn vegetative stage (stages ranged from V2-V6.5), hereafter
referred to as early season, and once during pollen shed (anthesis), referred to as anthesis
or late season. These two sampling events were selected as focal time periods for
ecosystem services in agricultural systems, and have distinct arthropod communities. The
early season is when pests and other insects colonize cornfields (Harwood et al. 2009;
Landis and Van der Werf 1997; Settle et al. 1996), and anthesis is when pests are
typically present in cornfields, and when the greatest diversity and abundance of insects
are fostered (Peterson et al. 2010; Lundgren et al. 2009b; Lundgren et al. 2004).
Sampling was conducted over three main habitats within the field: foliar, epigeal, and the
soil column, to get a comprehensive understanding of the invertebrate communities. All
samples were taken at least 12 m into the field to minimize border effects.
2.2.1 Foliar community sampling.
The foliar invertebrate community was sampled using a deconstructive whole
plant assessment. Corn plants (n = 25 per plot) were randomly selected, thoroughly
examined, and invertebrates that were not sight-identified were collected using mouth
aspirators. Plants were then severed at the ground level and were transported to the field
margin where their leaves, stems, ears, whorls, and tassels were inspected and dissected
on white sheets.
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2.2.2 Epigeal community sampling.
The epigeal (soil surface) community was sampled with a 0.25 m2 sheet-metal
quadrat (15 cm tall) inserted into the soil (Lundgren et al. 2006). Quadrats were placed in
randomly selected locations between corn rows (n = 5 per plot). Invertebrates from the
surface of the soil and buried beneath plant debris were collected exhaustively using
handheld mouth aspirators.
2.2.3 Soil community sampling.
The soil community was sampled by collecting soil cores (10 cm diameter, 10 cm
height) using a golf-hole cup cutter in randomly selected locations within and between
corn rows (n = 5 per plot). The cores were stored individually in plastic bags at ~1.82.6° C for 12-18 h prior to being placed in a Berlese extraction system for 7 d, until soil
reached constant dryness and invertebrates were collected in 70% ethanol.
2.3 Insect identification.
All invertebrates were stored in 70% ethanol for later curation and identification.
Insects were identified to the lowest taxonomic unit possible, and morphospecies were
assigned to many of the taxa for community analysis. Arthropods and other phyla were
also assigned morphospecies. Carabids were identified to the species level according to
keys listed in Ball and Bousquet (2001), other coleopterans were identified using keys
listed in White (1983). Ants were identified to genus level according to keys listed in
Fisher and Cover (2007). The remaining arthropods were identified from previous
experience of the authors, with guidance from the keys of Triplehorn and Johnson (2005).
To further characterize the invertebrate communities, individual morphospecies’
biologies were considered and broadly grouped into herbivore pests and non-pests.
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2.4 Data analysis.
Data were analyzed using the statistical software SYSTAT® 13 and figures were
created using SigmaPlot (Systat Software, Inc. San Jose, CA). Each management
practice, both regenerative and conventional, were compared to each invertebrate
community metric. The community metrics we evaluated were pest abundance, non-pest
invertebrate abundance, species richness, species diversity, and community evenness.
Diversity and evenness were calculated using the Shannon H diversity index. Cover, notill, and no-insecticide were designated as regenerative practices, and no-cover, till, and
use of insecticide were considered conventional practices. Community metrics were also
evaluated based on system; a farm was considered a regenerative system if more than one
regenerative practice was used and considered conventional if one or fewer regenerative
practices were used. Every invertebrate metric and practice combination was evaluated
with a 2-way ANOVA for every sampling method, both early season and late season,
using the mean numbers of invertebrates per m2 (log 10 transformed). Significance level
α = 0.05, marginal significance level α = 0.06.
Least squares linear regressions were run between early season pest abundance
and every other early season invertebrate metric. Linear regressions were also run
between late season pest abundance and every other late season invertebrate metric to
determine if community characteristics influenced one another; species diversity
(Shannon H), community evenness (J), species richness, and non-pest invertebrate
abundance were compared to pest abundances.
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3.0 Results
3.1 Total invertebrate community.
In sum, 73,229 invertebrates representing 218 different from 20 orders (Acari,
Araneae, Coleoptera, Collembola, Dermaptera, Diplura, Diptera, Ephemeroptera,
Hemiptera, Hymenoptera, Isopoda, Lepidoptera, Neuroptera, Opiliones, Orthoptera,
Protura, Pseudoscorpionida, Psocoptera, Thysonaptera, and Trichoptera) and three phyla
were collected and identified. Foliar sampling produced 18,305 specimens (of 153
morphospecies), 16,431 (of 151 morphospecies) came from the soil surface, and 38,493
came from the soil column (of 110 morphospecies). The five orders containing the largest
number of morphospecies were Coleoptera, Araneae, Diptera, Hymenoptera, and
Hemiptera with 85, 36, 24, 18 and 16 morphospecies and 84.81 ± 15.95, 64.86 ± 34.73,
89.07 ± 45.26, 93.66 ± 75.16, 659.66 ± 308.60 specimens per m2, respectively. Table 2
presents average invertebrates per m2 for each of the morphospecies. Of insect pests that
are managed in the region, 10 morphospecies were identified. Aphid species,
Rhopalosiphum maidis, R. padi, and Therioaphis trifoli, (6,951, 252, and 8 specimens,
respectively), corn rootworm species, Diabrotica barberi, D. undecimpunctata howardi,
D. virgifera (n = 85, 2, and 32 specimens, respectively), lepidopteran species,
Helicoverpa zea, Ostrinia nubilalis, Spodoptera frugiperda and several other larvae
(n = 2, 78, 2, and 87 specimens, respectively). We found more morphospecies in
regenerative epigeal and soil communities. 95% of all epigeal invertebrate morphospecies
were found in regenerative systems, where conventional fields contained 77% of epigeal
morphospecies. 87% of soil morphospecies were found in regenerative systems, versus
72% in conventional systems. 86% of the foliar morphospecies were found in
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regenerative fields, versus 75% in conventional fields. Across all three communities,
regenerative systems consistently contained more morphospecies than conventional
systems.
3.2 Invertebrate communities and management.
3.2.1 Early season invertebrate communities
Early in the season, management system had mixed effects on invertebrate
community characteristics. There was no difference in the number of pests found in
regenerative or conventional systems; but pests were infrequently encountered in the two
systems (mean ± SEM; 1.75 ± 0.06 pests per m2). In the foliar community, there was also
no difference in non-pest invertebrate abundance (F1, 78 = 2.67, P = 0.11), species
richness (F1, 78 = 0.05, P = 0.82), marginally more diverse community in conventional
systems (F1, 78 = 3.68, P = 0.06), but there was a more even foliar community in
conventional systems (F1, 78 = 5.16, P = 0.03). The type of management system did not
affect the early epigeal community; there was no effect on invertebrate abundance
(F1, 78 = 2.50, P = 0.12), species richness (F1, 78 = 2.18, P = 0.14), diversity
(F1, 78 = 0.64, P = 0.43), nor community evenness (F1, 78 = 0.47, P = 0.49). Regenerative
management systems had positive effects on the early invertebrate community
characteristics in the soil column. There were more invertebrates
(F1, 78 = 16.73, P < 0.001), and higher species richness (F1, 78 = 8.42, P = 0.005) in
regenerative systems, but there was no effect on diversity (F1, 78 = 0.03, P = 0.86) and a
marginally more even community in conventional systems (F1, 78 = 3.57, P = 0.06). See
Appendices A, B, C for full community characteristics.
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Early in the season, individual regenerative practices had mixed effects on
invertebrate community characteristics. On the plants, tillage had significantly increased
pest abundance, (F1, 78 = 4.75, P = 0.03) (Figure 1A), non-pest abundance,
(F1, 78 = 5.61, P = 0.02), and species richness (F1, 78 = 7.60, P = 0.01) in cornfields, while
cover crop usage had no effect (P > 0.05). The use of insecticides also had no effect;
there were no decreases in pest abundance with the use of insecticide, nor were there
differences in non-pest abundance and species richness (P > 0.05). When the foliar insect
community was examined early season, fields with insecticides had higher diversity
(F1, 78 = 8.10, P = 0.006) and community evenness (F1, 78 = 5.33, P = 0.02), and higher
community evenness was also found in fields with bare soil (F1, 78 = 5.16, P = 0.03);
tillage did not affect diversity or evenness in the foliar community (P > 0.05) and cover
crops did not affect diversity on the foliar community (P > 0.05). See Appendix D for
pest abundances.
In the epigeal community early in the season, abandoning insecticide use led to
more non-pest invertebrates (F1, 78 = 4.70, P = 0.03) and higher invertebrate species
richness (F1, 78 = 5.11, P = 0.03) in the early epigeal community, but had no effects on
diversity or community evenness (P > 0.05). Neither cover nor tillage had any effects on
invertebrate abundance, species richness, diversity, or community evenness of the early
epigeal community (P > 0.05).
Conservation practices within regenerative systems had strong positive effects on
the early soil invertebrate community. There were more non-pest invertebrates and more
species richness, respectively, with cover
(F1, 78 = 16.73, P < 0.001; F1, 78 = 8.42, P = 0.005), without insecticide
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(F1, 78 = 4.79, P = 0.03; F1, 78 = 6.20, P = 0.02), and without tillage
(F1, 78 = 21.81, P < 0.001; F1, 78 = 4.20, P = 0.04) in the early soil community. Use of
cover crop, insecticide, and tillage did not affect soil species diversity (P > 0.05), and
cover crops did not affect community evenness (P > 0.05), but communities were more
even with insecticide use (F1, 78 = 4.73, P = 0.03) and tillage (F1, 78 = 5.30, P = 0.02).
3.2.2 Late season invertebrate communities
Late in the season, the regenerative management system positively affected the
invertebrate community. There were fewer pests in regenerative systems than in
conventional systems overall (F1, 77 = 13.52, P < 0.001) (Figure 2). See Appendix D for
pest abundances. Whether the system was regenerative or conventional had no effect on
invertebrate abundance (F1, 77 = 2.22, P = 0.14), species richness (F1, 77 = 1.04, P = 0.31),
or diversity (F1, 77 = 1.07, P = 0.31) in the late foliar community. There was a more even
foliar community in the conventional systems than regenerative systems
(F1, 77 = 5.17, P = 0.03).
As for the late season epigeal and soil communities, regenerative systems
positively affected the invertebrate community (Figures 3 and 4). There were more
invertebrates (epigeal: F1, 78 = 15.91, P < 0.001; soil: F1, 78 = 9.70, P = 0.003), and a more
species rich (epigeal: F1, 78 = 28.79, P < 0.001; soil: F1, 78 = 24.73, P < 0.001) and diverse
community (epigeal: F1, 78 = 5.09, P = 0.03; soil: F1, 78 = 7.04, P = 0.01) in regenerative
systems, and community evenness was unaffected by treatment
(epigeal: F1, 78 = 1.21, P = 0.27; soil: F1, 78 = 0.58, P = 0.45). Regenerative systems were
home to more species-rich epigeal and soil communities; 95% of the total epigeal
morphospecies were represented in regenerative fields, compared to 77% in conventional
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fields (F1, 78 = 28.79, P < 0.001). 87% of the soil morphospecies were represented in
regenerative fields, and 72% were represented in conventional systems
(F1, 78 = 24.73, P < 0.001).
Late in the season, there was a stronger pattern of regenerative practices on insect
abundance than we saw in the early season, and different practices had a greater impact
on these relationships. The use of cover crops (F1, 77 = 13.52, P < 0.001) and the
abandonment of insecticide (F1, 77 = 6.03, P = 0.02) led to lower foliar pest abundance
and tillage had no effect on pests (P > 0.05) (Figure 1B). Opposite to early season
findings, no-till resulted in higher invertebrate abundance (F1, 77 = 16.41, P < 0.001) and
species richness (F1, 77 = 7.15, P = 0.01) in the foliar community and insecticide and
cover had no effect on foliar invertebrate abundance and richness (P > 0.05). Foliar
diversity was not affected by any of the management practices, but bare soil
(F1, 77 = 5.17, P = 0.03) and tillage (F1, 77 = 16.16, P < 0.001) resulted in higher foliar
community evenness; insecticide usage had no effect (P > 0.05).
The epigeal community was positively affected by regenerative practices; there
was higher non-pest abundance (F1, 78 = 15.91, P < 0.001; F1, 78 = 16.17, P < 0.001),
richness (F1, 78 = 28.79, P < 0.001; F1, 78 = 25.72, P < 0.001), and diversity
(F1, 78 = 5.09, P = 0.03; F1, 78 = 4.02, P = 0.05) with use of cover crops and abandonment
of insecticides, respectively. No-till practices also had higher species richness
(F1, 77 = 8.50, P = 0.01), but otherwise tillage had no effect on epigeal communities,
similarly to the early season epigeal community. There were no effects of practices on
community evenness (P > 0.05).
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The soil community was also influenced by management practices. There were
more non-pest invertebrates and more species richness, respectively, with cover crops,
(F1, 78 = 9.70, P = 0.003; F1, 78 = 24.73, P < 0.001), without the use of insecticides
(F1, 78 = 5.71, P = 0.02; F1, 78 = 17.77, P < 0.001), and without tillage
(F1, 78 = 27.00, P < 0.001; F1, 78 = 7.12, P = 0.01), in the late soil community. Cover crops
(F1, 78 = 7.04, P = 0.01) and abandonment of insecticide (F1, 78 = 6.31, P = 0.01) increased
species diversity; tillage had no effect (P > 0.05). The use of tillage
(F1, 78 = 4.61, P = 0.04) had higher community evenness, where cover and insecticide
usage had no effect (P > 0.05). See appendices A, B, C for full community
characteristics.
3.2.3 Invertebrate community relationships
We found that insect community characteristics were correlated with pest
abundance in cornfields. Foliar invertebrate abundance and pest abundance were
positively correlated both early (F1, 78 = 6.09, P = 0.02, R2 = 0.06) and late season
(F1, 77 = 57.40, P < 0.001, R2 = 0.42) (Figure 5). Foliar species richness, diversity, and
community evenness did not correlate to foliar pest abundance early or late in the season
(P > 0.05). However, soil biodiversity and foliar pest abundance were negatively
correlated early in the season (F1, 78 = 3.93, P = 0.05, R2 = 0.04) and marginally
correlated late season (F1, 77 = 3.69, P = 0.06, R2 = 0.03); there were fewer pests with
higher soil biodiversity (Figure 6). In the late season, there were also fewer pests with
higher soil species richness (F1, 77 = 7.07, P = 0.01, R2 = 0.07) (Figure 7). Foliar pest
abundance also did not correlate with invertebrate abundance nor community evenness
late in the season and did not correlate with invertebrate abundance, species richness, nor
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community evenness early in the season (P > 0.05). Foliar pest abundance did not
correlate with any epigeal community characteristics (species richness, species diversity,
and community evenness) in either early or late season (P > 0.05).
4.0 Discussion
Regenerative systems had fewer pests than conventional systems, and had more
abundant, species rich, and diverse, epigeal and soil communities than conventional
farms. All three regenerative practices (cover crops, no-till, and no insecticide)
contributed to fostering diversity and reducing pests at different times over the season,
and thus contributed to a systems-level pest suppression. Insect diversity in the soil was
negatively associated with pest abundance on the foliage, this diversity offers one set of
mechanisms that explain these systems-level effects on pests. Aphids were the most
abundant pest found in this system, and their dominance of the pest community may
partially explain why foliar insect abundance and richness was positively associated with
pest abundance. Overall, pests were rare in these systems, and prophylactic investments
in insecticides are likely unwarranted.
No-till practices were associated with more diversified invertebrate communities.
Tillage adversely affected epigeal and soil communities; no-till fields had more abundant
and species-rich communities. These findings corroborate other work that shows that
minimal soil disturbance is linked to healthier soil communities with higher invertebrate
biodiversity and abundance (Lehman 2015; Kladivko 2001; Wardle 1995; Karlen et al.
1994). Tillage disrupts soil biota in a number of ways; it induces physical changes, such
as changing pore habitat (Young and Crawford 2004). In addition to disturbing the soil,
tillage directly affects organisms by killing, injuring, or making them vulnerable to
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predation (Kladivko 2001). Indeed, tillage has historically been recommended to manage
soil-dwelling or immature stages of pest insects (Levine1993; Foster and Gaylor 1987;
All et al. 1984), and some research suggests that minimum or no-till fields experience
more pest damage in some cases (Levine 1993; Stinner and House 1990; Rubink and
McCartney 1982). We found the opposite—tillage was not associated with fewer pests,
but soil biodiversity was. Higher diversity within no-till fields may partially explain this
decrease in pests. For example, collembolans in particular are reduced by tillage
(Twardowski et al. 2016), and although species respond differently to tillage (Kladivko
2001; Stinner and House 1990), studies generally show that tillage decreases soil biota
(Wardle 1995). A review of the effects of tillage on soil biota conducted by Stinner and
House (1990) found that in 45 studies, 43% of pest species decreased with decreased
tillage, 29% showed no change, and 28% increased with decreased tillage, demonstrating
that untilled ground generally has lower pest abundance.
Use of cover crops and abandonment of insecticides promoted healthy, diverse
soil communities later in the season. Cover crop residue supports a diverse food web that
is independent of annual cropping cycles, and provides overwintering habitat (Landis et
al. 2005; Corbett and Rosenheim 1996). The diverse microclimates provided by winter
cover crops (relative to bare soil) are often correlated with increased insect diversity
(Koch et al. 2015; Lundgren and Fergen 2010; Landis et al. 2000; Altieri 1994). This
increased invertebrate diversity provides numerous services to a healthy agroecosystem
(Altieri 1994). The use of insecticide was accompanied by fewer invertebrates, less
richness, and less diversity across epigeal and soil communities, indicating that
insecticides affect more than pest species and likely affect functioning in the soil.
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Insecticides have historically been associated with reduced diversity and abundance of
insect communities, and these non-target effects were one of the drivers of the
development of integrated pest management systems in the late 1960s (Ehler 2006).
The effects of specific practices on insect communities varied between early and
late seasons. The majority (97%) of pests were found late in the season (Peterson et al.
2010; Lundgren 2009b; Lundgren et al. 2004), and sampling during this period revealed
that regenerative systems had 10 fold fewer pests than conventional systems (Figure 1).
Early in the season, there were significantly fewer pests in the fields without tillage
versus those that had been tilled, but few pests were found in either the regenerative or
conventional systems at that time (Figure 2A). Our findings suggest no-till systems had
fewer pests early in the season, in the context of a regenerative system. House and
Rosario-Alzugaray (1989) showed that tillage in corn fields affected communities mostly
in April-May. Likewise, we did not see much effect of tillage on the foliar community
late in the season, perhaps because tillage generally takes place in the spring, disrupts the
soil, but allows for the community to rebound in later months. Later in the season, we
saw that there were fewer pests in fields that used cover crops and did not use insecticides
(Figure 2B). Lower pest numbers associated with cover crop usage could be attributed to
increased competition or predation promoted by cover and plant diversity (Coll and
Guershon 2002; Landis et al. 2000; Altieri and Whitcomb 1979). Increased pest
abundance with the use of insecticides could have been caused by a removal of natural
enemies or competitors due to non-target effects of insecticides (Gontijo et al. 2014;
Marvier et al. 2007; Hansen Jesse and Obrycki 2000; Hilbeck et al. 1998), reducing
competition or predation which could have otherwise helped regulate the pest population
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(Altieri 1994; Holt 1977; Pimentel 1961; Hairston et al. 1960). Another possibility is pest
resistance to insecticides, (Pereira et al. 2015; Liu et al. 2006); there is evidence that D.
virgifera and Spodoptera spp. are becoming resistant to Bt-toxins (Gassmann 2016;
Herrero et al. 2016), and evidence of resistance to neonicotinoids in various herbivores
(Gorman et al. 2008; Gorman et al. 2007). A systems level comparison that
simultaneously considers multiple practices and is defined by successful producers was
key in uncovering these trends.
Higher soil invertebrate diversity and species richness were correlated with fewer
foliar pests throughout the season. These patterns are congruent with findings from and
Lundgren and Fausti’s (2015) analysis of corn insect communities, where higher diversity
correlated with fewer pests, though they focused on foliar communities. We found that
the soil community influenced the foliar pest community; belowground and aboveground
communities are connected in many ways. Direct effects may mediate this connection;
corn rootworms (Diabrotica spp.) reside in the soil during larval and pupal stages
(Krysan and Miller 1986) and could have become prey to other soil-dwelling
invertebrates, as there were more potential predators. Or soil dwelling stages of the pests
may have found fewer pupation sites, decreasing adult corn rootworm numbers. Soil
biota suppress plant pathogens (Friberg et al. 2005), improve soil properties (Holec and
Frouz 2006; Jouquet et al. 2006; Brussaard 1997), decompose plant and organic matter,
and supply nutrients to plants (Wardle et al. 2001; Bonkowski et al. 2000; Fragoso et al.
1997; Lavelle 1988), which can assist plants to become more tolerant of pests (Altieri and
Nicholls 2003; Phelan et al.1995). Enhanced nutrient cycling caused by decomposers can
increase nutrient uptake and plant growth (Bonkowski et al. 2001; Brussaard 1998) and in
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some cases, cause unbalanced N, which increases the abundance of aphids on crop plants
(Bonkowski et al. 2001). Within simplified systems, collembolans in the soil decreased
aphid herbivory in white clover, but not in bluegrass (Scheu et al. 1999), and root
herbivores and detritivores enhanced aphid herbivory when these functional guilds were
present alone, but not in concert (Poveda et al. 2005). Our study simultaneously
investigated the outcome of interactions among 218 morphospecies. In such a complex
system, belowground processes can affect aboveground insect communities, but exact
mechanisms that drive these interactions may remain elusive.
Our pest community was largely composed of aphids, and their abundance was
related to soil community composition. Ten percent of the total specimens in our study
were herbivorous pests that are frequently managed for in the region. Of these pests, 93%
were corn leaf aphids (Rhopalosiphum maidis). This aphid dominance of the pest
community may partially explain the result we observed where foliar-dwelling non-pest
abundance was positively correlated with pest abundance (Figure 3). Aphids foster insect
abundance and richness by producing honeydew, a sugar resource that attracts other
predatory and non-predatory invertebrates (Haslett 1989; Schneider 1969). Further, the
increased abundance of alternative prey and honeydew may have distracted predators
from the aphids, reducing aphid mortality through apparent competition (Gardiner et al.
2011; Gardiner and Landis 2009). In no case did we find economically threatening pest
populations, yet producers spend billions of dollars annually on prophylactic
management of pests. The dominant pest in the systems, aphids, were below
economically threatening levels (we found 0.74 aphids per plant in regenerative systems
and 6.5 aphids per plant in conventional systems). The economic threshold for aphids on
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corn is 75 aphids per plant and over 80% of plants infested (Gessell and Calvin 2017).
Though substantially more abundant in conventional systems, other key corn pests were
relatively rare as well. All of the farms that used insecticides planted Bt-corn seed that
was treated with neonicotinoid insecticides. The purpose of these insecticidal techniques
is to protect plants from herbivory, yet there were more herbivore pests with the usage of
these insecticides than without. Systems which lack diversity are more susceptible to pest
outbreaks and impaired functioning, and it appears that replacing diversity with
insecticides resulted in a system that fostered pest populations (Loreau 2001; Altieri
1998; Altieri 1994).
Regenerative systems have reached a point where they no longer require costly
inputs like insecticides; they have healthier invertebrate communities and fewer pests.
Promoting healthier invertebrate communities does not solely rely on reducing tillage,
abandoning insecticide, or incorporating plant biodiversity—but occurs because a
regenerative system is closer to an undisturbed, self-regulating ecosystem, strengthening
the case for adopting low-input systems that harness the power of diversity and limited
disturbance. In future work, we consider physical and chemical properties of soil health,
invertebrate characteristics, and crop yield and profitability, to more completely examine
the efficacy of regenerative practices and systems.
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7.0 Tables
Table 1. Description of management practices by farm. Regenerative practices include
use of a cover crop (yes in cover crop usage column), abandonment of insecticide (no in
insecticide usage column), and abandonment of tillage (no in tillage column). A farm is
classified as a regenerative system if it implements two or more regenerative practices.
Regenerative systems are indicated by shaded rows. Conventional practices include
having a period of bare soil (no in cover crop usage column), using insecticides (yes in
insecticide column), and tilling (yes in tillage column). A farm is classified as a
conventional system if it implements one or zero regenerative practices. Conventional
systems are indicated by white rows.

Nearest town
Bladen, NE
Bladen, NE
York, NE
York, NE
Bismarck, ND
Bismarck, ND
Bismarck, ND
Bismarck, ND
White, SD
White, SD
Pipestone, MN
Pipestone, MN
Toronto, SD
Toronto, SD
Gary, SD
Gary, SD
Arlington, SD
Arlington, SD
Lake Norden, SD
Lake Norden, SD

Cover crop
usage
yes
no
yes
no
yes
no
yes
no
yes
no
yes
no
yes
no
yes
no
yes
no
yes
no

Insecticide
usage
no
yes
no
yes
no
yes
no
yes
no
yes
no
yes
yes
yes
no
yes
no
yes
yes
yes

Tillage System classification
no
regenerative
yes
conventional
no
regenerative
yes
conventional
no
regenerative
no
conventional
no
regenerative
no
conventional
yes
regenerative
yes
conventional
yes
regenerative
yes
conventional
no
regenerative
yes
conventional
yes
regenerative
yes
conventional
no
regenerative
yes
conventional
no
regenerative
yes
conventional
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Table 2. Bioinventory of the invertebrate community. Collected invertebrates are
documented by the sampling method by which they were found. The light shading details
the foliar community, medium shading details the soil column, and dark shading details
the epigeal or soil surface community. Values are mean ± SEM m2 for each
morphospecies across all twenty farms and both early and late in the season.
Order: Family

Species

Foliar

Soil column

Soil
surface

Phylum:Class
Annelida
Earthworm

Spp.

0

19.74 ± 5.93

0.57 ± 0.39

Spp.

0

42.65 ±11.92

0.01 ± 0.01

Nematoda
Nematode

Mollusca:Gastropoda
Slug

Spp.

2.53 ± 1.19

0

0.02 ± 0.02

Snail

Spp.

0.76 ± 0.55

3.50 ± 2.90

0.72 ± 0.34

Spp.

70.81 ± 29.21

5784.33 ±

5.19 ± 1.32

Arthropoda
Arachnida
Acari

808.32
Araneae

Species 1

24.53 ± 22.95

17.83 ± 8.78

0.55 ± 0.15

Species 2

2.78 ± 1.66

0

0.31 ± 0.11

Species 3

0.76 ± 0.76

0.32 ± 0.32

0.07 ± 0.03

Species 4

0

0

0.19 ± 0.10

Species 5

0

0.64 ± 0.44

0.10 ± 0.07

Species 6

23.01 ± 5.35

16.55 ± 6.86

2.61 ± 0.50
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Species 7

26.81 ± 24.44

0.64 ± 0.64

1.28 ± 0.47

Species 8

4.81 ± 3.59

5.09 ± 2.72

2.40 ± 0.65

Species 9

6.07 ± 1.86

0

1.97 ± 0.47

Species 10

0.51 ± 0.35

0.32 ± 0.32

0.72 ± 0.29

Species 11

6.58 ± 1.38

0

2.54 ± 0.79

Species 12

1.01 ± 0.59

0

0.98 ± 0.38

Species 13

0

0.32 ± 0.32

0.80 ± 0.14

Species 14

0

0.32 ± 0.32

0.31 ± 0.11

Species 15

0.51 ± 0.35

0

0.20 ± 0.10

Species 16

0.25 ± 0.25

0.64 ± 0.44

1.27 ± 0.36

Species 17

0

0

0.09 ± 0.08

Species 18

1.26 ± 0.81

0

0.79 ± 0.31

Species 19

1.26 ± 0.81

0

0

Species 20

0.25 ± 0.25

0

0

Species 21

2.53 ± 1.40

0

0

Species 22

1.26 ± 0.72

0

0

Species 23

0.76 ± 0.41

0

0

Species 24

0.25 ± 0.25

0

0

Species 25

2.02 ± 1.00

0

0

Species 26

0.51 ± 0.35

0

0.05 ± 0.02

Species 27

0.51 ± 0.51

0

0.23 ± 0.09

Species 28

0.25 ± 0.25

0

0.02 ± 0.02

Species 29

0.51 ± 0.35

0

0

Species 30

0.25 ± 0.25

0

0.04 ± 0.03
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Species 31

0

0

0.18 ± 0.09

Species 32

0

0

0.01 ± 0.01

Species 33

0

0

0.13 ± 0.09

Species 34

1.26 ± 1.26

0

0.11 ± 0.06

Species 35

0

0

0.01 ± 0.01

Species 36

0

0.32 ± 0.32

0

Araneae egg sacs

Spp.

22.26 ± 4.62

0

0.88 ± 0.43

Opiliones

Spp.

13.15 ± 2.88

0

1.59 ± 0.46

Pseudoscorpionida

Spp.

0

10.50 ± 3.76

0.03 ± 0.02

25.04 ± 8.96

2330.98 ±

20.60 ±

672.45

8.05

535.40 ±

0

Entognatha
Collembola:Entomobryomorpha

Species 1

Species 2

1.01 ± 0.59

370.32
Species 3

Collembola:Poduromorpha

Species 1

0

0

89.45 ±

15.16 ±

71.31

7.48

67.48 ±

0.58 ± 0.21

24.23
Species 2

Collembola:Symphypleona

0

1905.40 ±

32.00 ±

540.52

14.42

Species 3

0

4.77 ± 3.48

0

Species 1

0

58.25 ±

1.49 ± 0.66

21.74
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Species 2

0

115.23 ±

0

40.11
Diplura

Spp.

0

407.12 ±

0.06 ± 0.04

107.28
Protura

Spp.

0

28.65 ± 8.05

0.86 ± 0.22

Species 1

0

3.82 ± 1.07

0.20 ± 0.10

Species 2

0

3.18 ± 2.29

0

Species 3

0

10.19 ± 3.31

1.41 ± 0.42

Species 1

0.76 ± 0.41

27.69 ±

2.44 ± 1.18

Chilopoda

Diplopoda

11.05
Insecta
Dermaptera

Species 1

0.25 ± 0.25

0

0

Orthoptera:Acrididae

Spp.

2.28 ± 0.86

9.55 ± 6.64

0.76 ± 0.33

Orhtoptera:Gryllidae

Gryllus sp. 1

0.25 ± 0.25

4.14 ± 2.32

2.95 ± 1.03

Orhtoptera:Gryllidae

Oecanthus sp. 1

0.76 ± 0.55

0

0

Orhtoptera:Tettigonidae

Spp.

0.25 ± 0.25

0

0

Thysanoptera

Spp.

1629.99 ± 238.

0.95 ± 0.95

0.06 ± 0.02

0

0.38 ± 0.22

0

1.11 ± 0.48
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Hemiptera:Aphididae

Rhopalosiphum
maidis

Hemiptera:Aphididae

Rhopalosiphum
padi

1748.36 ± 836.
88
35.66 ± 21.28
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Hemiptera:Aphididae

Therioaphis

2.02 ± 1.06

0

0

0

0

0.04 ± 0.03

trifoli
Hemiptera:Reduviiadae

Species 1

Hemiptera: Scuttelleridae

Fokkeria sp. 1

0.76 ± 0.55

0.32 ± 0.32

0

Hemiptera:Cicadellidae

Spp.

8.09 ± 2.33

11.46 ± 6.07

0.29 ± 0.09

Hemiptera:Anthocoridae

Anthocoris sp. 1

0

0

0.53 ± 0.21

Hemiptera:Anthocoridae

Anthocoris sp.2

0.76 ± 0.41

0

0

Hemiptera:Psyllidae

Species 1

0.25 ± 0.25

0

0

Hemiptera:Psyllidae

Pachypsylla sp.

0.51 ± 0.51

0

0

1
Hemiptera:Pentatomidae

Spp.

2.53 ± 1.00

0

0

Hemiptera:Pentatomidae

Pentatomiadae

3.54 ± 3.54

0

0

eggs
Hemiptera:Miridae

Lygus spp.

15.17 ± 4.33

5.09 ± 2.91

0.73 ± 0.30

Hemiptera:Nabidae

Spp.

11.63 ± 5.52

3.50 ± 1.26

3.45 ± 1.10

Hemiptera:Anthocoridae

Orius insiduosis

57.92 ± 17.14

0

0.09 ± 0.06

Hemiptera:Anthocoridae

Orius insiduosis

62.47 ± 16.23

0

2.31 ± 1.72

1.52 ± 0.65

0

0

345.98 ± 76.43

0

0

17.20 ± 5.02

0

0.76 ± 0.69

nymphs
Neuroptera:Chrysopidae

Chrysoperla
carnea

Neuroptera:Chrysopidae

Chrysoperla
carnea eggs

Neuroptera:Chrysopidae

Chrysoperla
carnea larvae
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Neuroptera:Hemerobiidae

Species 1

0.25 ± 0.25

0

0

Coleoptera:Anthicidae

Species 1

0

0

0.73 ± 0.27

Species 2

0.51 ± 0.35

2.86 ± 1.82

0.84 ± 0.18

Notoxus sp. 1

0.25 ± 0.25

0

0.08 ± 0.04

Species 1

45.02 ± 14.96

0

0.14 ± 0.05

Species 2

19.22 ± 11.96

0

0.04 ± 0.03

Glischorchilus

26.05 ± 11.09

0

0.06 ± 0.04

0

3.50 ± 1.56

0

1.52 ± 0.65

0

0.07 ± 0.05

Agonum sp. 1

0.76 ± 0.76

12.41 ± 7.64

0.25 ± 0.11

Agonum

0.25 ± 0.25

25.15 ± 6.20

0.96 ± 0.26

Amara sp. 1

0

1.91 ± 1.04

0

Amara sp. 2

0

0

0.28 ± 0.08

Anisodactylus

0

0.95 ± 0.70

0

0.76 ± 0.76

6.68 ± 2.14

0.64 ± 0.19

0

1.27 ± 0.99

0.14 ± 0.07

1.01 ± 0.59

2.23 ± 1.33

2.53 ± 0.48

Coleoptera:Nitidulidae

sp. 1
Coleoptera:Scarabidae

Species 1

Coleoptera:Cantharidae

Chauliognathus
pensylvanicus

Coleoptera:Carabidae

placidum

discoideus
Anisodactylus
sanctaecrucis
Badister
obtusus
Bembidion
qudrimaculata
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Chlaenius

0

1.27 ± 0.99

0.03 ± 0.03

Dyschirius sp. 1

1.26 ± 0.89

1.27 ± 0.99

0.69 ± 0.46

Elaphropus sp. 1

22.76 ± 10.51

42.34 ±

11.23 ±

11.11

2.82

tomentosus

Harpalus sp. 1

0

0

0.03 ± 0.03

Harpalus sp. 2

0

0.32 ± 0.32

1.10 ± 0.40

0.25 ± 0.25

5.09 ± 4.15

0.73 ± 0.30

Poecilus sp. 1

0

0

0

Poecilus

0

0.64 ± 0.44

0.25 ± 0.09

0

7.32 ± 3.79

0.18 ± 0.06

0

0.64 ± 0.44

0.07 ± 0.04

0

12.41 ± 3.41

0.30 ± 0.19

Species 1

0.25 ± 0.25

0.64 ± 0.44

0

Species 2

0.76 ± 0.76

0

0.13 ± 0.07

Species 3

0

0.64 ± 0.64

0.05 ± 0.03

Species 4

0

0.32 ± 0.32

0.11 ± 0.09

Species 5

0

0.95 ± 0.70

0.01 ± 0.01

Species 6

0.51 ± 0.35

0

0

Microlestes
linearis

callsides
Pterostichus
permundus
Stenolophus sp.
1
Stenolophus
comma
Coleoptera:Chrysomelidae

82
Species 7

2.53 ± 2.28

0

0

Species 8

0.76 ± 0.41

0

0

0

0

0.01 ± 0.01

10.12 ± 4.49

0.32 ± 0.32

0.44 ± 0.24

0.51 ± 0.35

0

0

5.06 ± 3.59

0

0.03 ± 0.03

0.25 ± 0.25

0

0.01 ± 0.01

Species 1

0

0

0.06 ± 0.03

Species 2

1.01 ± 0.59

0

0.21 ± 0.16

Species 3

0.25 ± 0.25

0

0

Species 4

1.01 ± 0.79

0

0

Species 5

0

0.32 ± 0.32

0.15 ± 0.07

Scymnus sp. 1

2.02 ± 1.29

0

0.38 ± 0.12

Scymnus sp. 2

6.83 ± 4.87

0.95 ± 0.70

0

Scymnus sp. 3

0

0

0.03 ± 0.03

Coleomegilla

3.54 ± 1.52

0

1.47 ± 0.73

4.55 ± 1.68

0

0.05 ± 0.04

Alticinee sp. 1
Diabrotica
barberi
Diabrotica
undecimpunctat
a
Diabrotica
virgifera
Leptinotarsa sp.
1
Coleoptera:Curculionidae

Coleoptera:Coccinelidae

maculata
Hippodamia
convergens
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Coccinellidae

29.34 ± 12.99

0

0

15.93 ± 5.09

0

0.32 ± 0.16

3.03 ± 1.66

0

0

Species 1

0.51 ± 0.35

0

0.05 ± 0.03

Species 2

0.51 ± 0.35

0.32 ± 0.32

0.11 ± 0.04

Species 3

0.25 ± 0.25

0.32 ± 0.32

0

Species 1

1.26 ± 1.03

0

0.03 ± 0.03

0

0.32 ± 0.32

0.12 ± 0.07

0

1.59 ± 1.30

0

eggs
Coccinelidae
larvae
Coccinellidae
pupae
Coleoptera:Elateridae

Coleoptera:Lampyridae

Lampyridae
larvae
Coleoptera:Leiodidae

Leiodidies sp. 1

Coleoptera:Meloidae

Species 1

0.25 ± 0.25

0

0.02 ± 0.01

Species 2

0

0

0.04 ± 0.03

Species 3

0

0

0.01 ± 0.01

0.76 ± 0.41

0

0.22 ± 0.17

0.25 ± 0.25

0.32 ± 0.32

0.03 ± 0.02

0

0

0.03 ± 0.03

Coleoptera:Melyridae

Collops
balteatus
Collops vittatus
Collops
nigriceps

Coleoptera:Mordellidae

Species 1

0.76 ± 0.55

0

0.15 ± 0.05

Coleoptera:Staphylinidae

Species 1

4.81 ± 1.13

35.97 ± 7.19

0.64 ± 0.17

Species 2

1.77 ± 0.92

26.42 ± 5.99

2.06 ± 0.77

84
Coleoptera:Trogositidae

Species 1

0

0

0.03 ± 0.03

Coleoptera:Tenebrionidae

Species 1

0

0

0.02 ± 0.02

Coleoptera:Uknown

Species 1

11.13 ± 6.03

0

0

Coleoptera Larva

Species 1

0

5.73 ± 3.48

0

Species 2

0

26.10 ±

0

11.25
Species 3

0

7.32 ± 4.44

0.14 ± 0.06

Species 4

0

14.96 ±

0

12.69
Species 5

10.88 ± 7.50

19.10 ± 4.64

0.03 ± 0.03

Species 6

0.25 ± 0.25

18.14 ±

0.01 ± 0.01

10.75

Diptera:Bombyliidae

Species 7

0

0.95 ± 0.95

0

Species 8

0

0.64 ± 0.64

0

Species 9

0

0.32 ± 0.32

0

Species 10

0

0

0.02 ± 0.01

Species 11

0

0.64 ± 0.64

0

Species 12

0

0.64 ± 0.64

0

Species 13

0

29.28 ± 8.85

0.54 ± 0.21

Species 14

0

0.32 ± 0.32

0

Species 15

0.51 ± 0.35

0

0

Species 16

0

0

0.04 ± 0.03

Species 17

0

0

0.23 ± 0.07

Species 1

0.00 ±0.00

2.55 ± 2.23

0.01 ± 0.01
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Diptera:Calliphoridae

Lucilia sp. 1

0

0

0.07 ± 0.02

Diptera:Cecidomyiidae

Species 1

0

0.32 ± 0.32

0

Diptera:Chironomidae

Species 1

2.53 ± 2.53

0

0.43 ± 0.34

Diptera:Culicidae

Species 1

0

7.96 ± 4.52

0.43 ± 0.20

Species 2

4.81 ± 2.12

10.82 ± 4.21

0.07 ± 0.04

Diptera:Doliochopodidae

Species 1

0

1.91 ± 1.91

0.01 ± 0.01

Diptera:Drosophilidae

Species 1

4.05 ± 2.19

0

0

Diptera:Empididae

Species 1

1.01 ± 0.59

0

0

Diptera:Ephydridae

Species 1

33.64 ± 12.09

0

0

Diptera:Muscidae

Musca

10.88 ±2.18

10.50 ± 3.95

0.09 ± 0.03

Species 1

0.51 ± 0.51

0.32 ± 0.32

0.10 ± 0.08

Species 2

0.76 ± 0.76

0

0

Diptera:Phoridae

Species 1

0.51 ± 0.51

0

0

Diptera:Stratiomyidae

Species 1

11.13 ± 2.74

23.24 ±

1.41 ± 0.57

domestica
Diptera:Mycetophilidae

12.49
Diptera:Syrphidae

Spp.

0.51 ± 0.51

0

0.16 ± 0.09

Syrphidae

10.37 ± 7.41

0

0.04 ± 0.03

larvae
Diptera:Tephritidae

Species 1

0.51 ± 0.35

0

0

Diptera:Tipulidae

Species 1

0.51 ± 0.35

0

0

Tipulidae larvae

0

6.37 ± 3.33

3.78 ± 2.14

Species 1 larvae

18.46 ± 8.58

25.46 ±

2.51 ± 1.34

Diptera larvae

12.07
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Species 2 larvae

0

3.50 ± 1.63

0

Species 3 larvae

0

58.57 ±

0

37.07
Agromyzidae

4.30 ± 1.65

0

0

larvae
Diptera pupae

Spp.

0

0

2.12 ± 1.76

Psocoptera

Spp.

23.52 ± 18.80

0.32 ± 0.32

0.05 ± 0.02

Lepidoptera:Crambidae

Ostrinia

0.25 ± 0.25

0

0

2.53 ± 2.03

0

0

2.53 ± 2.53

0

0

14.42 ± 13.89

0

0

0.25 ± 0.25

0

0

Species 1

0.51 ± 0.51

0

0

Spodoptera

0.51 ± 0.51

0

0

0.51 ± 0.51

0

0

0.51 ± 0.35

0

0

nubilalis eggs
Ostrinia
nubilalis larvae
Ostrinia
nubilalis pupae
Ostrinia
nubilalis
damage
Lepidoptera:Erebidae

Prothymia
semipurpurea

Lepidoptera:Noctuidae

frugiperda
Helicoverpa zea
larvae
Lepidoptera:Pyralidae

Species 1
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Lepidoptera larvae

Spp.

0.24± 0.12

0.95 ± 0.95

0.60 ± 0.00

Hymenoptera:Formicidae

Formica sp. 1

1.26 ± 0.72

169.66

2.68 ± 2.02

± 165.65
Formica sp. 2

1.77 ± 0.92

25.78 ±

1.74 ± 0.72

10.58
Cardiocondyla

0

9.55 ± 7.31

1.04 ± 0.43

1.01 ± 0.79

23.24 ±

0.71 ± 0.28

sp. 1
Ponera sp. 1

10.31

Hymenoptera:Mutillidae

Hymenoptera:Ichneumonid

Stenamma sp. 1

6.07 ± 4.59

9.23 ± 5.89

0.24 ± 0.11

Species 1

0.25 ± 0.25

1.59 ± 1.59

0.02 ± 0.01

Species 2

0.25 ± 0.25

0

0

Species 1

0

0.95 ± 0.52

0.03 ± 0.03

Species 2

0

0

0.08 ± 0.04

Species 3

0.51 ± 0.51

0

0

Species 1

0.76 ± 0.55

7.00 ±2.11

0.18 ± 0.07

Species 2

2.53 ± 1.00

1.27 ± 0.88

0.04 ± 0.02

Species 3

5.82 ± 2.60

0

0

Species 4

0

1.59 ± 1.02

0

Species 1

1.01 ± 0.59

0

0

Species 1

0

0.32 ± 0.32

0

ae

Hymenoptera:Parasitica

Hymenoptera:Parasitica:
Pteromalidae
Hymenoptera:Vepsidae
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Hymenoptera pupae

Cotesia

2.78 ± 2.78

0

0

golmerata
pupae
Trichoptera

Spp.

0.76 ± 0.41

0

0.01 ± 0.01

Ephemeroptera

Species 1

0.25 ± 0.25

0

0

Insecta eggs

Spp.

3.79 ± 2.01

0

0

Insecta pupae

Spp.

0.25 ± 0.25

0

0

5.06 ± 2.43

1.59 ± 0.91

1.03 ± 0.20

Malacostraca
Isopoda

Armadillidium
spp.
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8.0 Figures
Figure 1. Foliar pest abundance by practice in the early season community (A) and
late season community (B). Values presented are mean ± SEM total foliar pests per m2
per each regenerative and conventional practice. An asterisk above a pair of bars
indicates a significant difference between the two practices (α = 0.05). A brief definition
of each practice is provided: Till: regenerative practice = no-till, conventional practice =
till. Cover: regenerative practice = use of cover crop, conventional practice = no cover.
Insecticide: regenerative practice = abandonment of insecticide, conventional = use of
insecticide.
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Figure 2. Foliar pest abundance by management system. Values presented are
mean ± SEM total foliar pests per m2, during corn anthesis. An asterisk above the pair of
bars indicates a significant difference between the two practices (α = 0.05). Regenerative
practices include use of a cover crop, abandonment of insecticide, and abandonment of
tillage. A farm is classified as a regenerative system if it implements two or more
regenerative practices. Conventional practices include having a period of bare soil using
insecticides, and tilling. A farm is classified as a conventional system if it implements
one or zero regenerative practices.
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Figure 3. Late season epigeal community characteristics. Values represent rank and
abundance of each invertebrate. The spread of the scatterplot values on the x-axis
represents species richness, and diversity (Shannon H) is represented in the bar graph on
the right. An asterisk above the pair of bars indicates a significant difference between the
two management systems (α = 0.05).
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Figure 4. Late season soil community characteristics.
Values represent rank and abundance of each invertebrate. The spread of the scatterplot
values on the x-axis represents species richness, and diversity (Shannon H) is represented
in the bar graph on the right. An asterisk above the pair of bars indicates a significant
difference between the two management systems (α = 0.05).
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Figure 5. Foliar pest abundance and foliar non-pest invertebrate abundance. Values
represent mean ± SEM total foliar pests per m2 and non-pest invertebrates per m2 late in
the growing season. Values are log transformed and significance level is α = 0.05.
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Figure 6. Foliar pest abundance and soil invertebrate biodiversity late in the season.
Values represent mean ± SEM total foliar pests per m2 and Shannon H for biodiversity
per m2. Values are log transformed and significance level is α = 0.05, marginal
significance level is α = 0.06.
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Figure 7. Foliar pest abundance and soil invertebrate species richness.
Values represent mean ± SEM total foliar pests per m2 and species richness for
biodiversity per m2 late in the growing season. Values are log transformed and
significance level is α = 0.05.
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CHAPTER THREE: ASSOCIATIONS BETWEEN INVERTEBRATE
COMMUNITIES AND SOIL CHARACTERSITICS IN REGENERATIVE
AND CONVENTIONAL CORN (Zea mays) PRODUCTION SYSTEMS

Abstract
Encouraging soil health is the goal of many agricultural practices. Regenerative systems
employ several agricultural practices which abide by the two main principles of
increasing biodiversity and decreasing disturbance, with the goal of minimizing inputs
and maximizing the productivity of a farm. In our study, we investigate how regenerative
farming practices and overall system management affects community characteristics and
of invertebrates in the soil of corn (Zea mays) fields across four states in the Midwest
region of the United States. Within each system, relative litter degradation rates in the
presence and absence of invertebrates was assessed using exclusion bags. Regenerative
systems promoted invertebrate abundance and diversity, and regenerative systems had
higher POM and lower BD. %POM in cornfields was positively correlated with insect
abundance and species richness. Regenerative and intermediate systems had more litter
degradation than conventional systems, indicating greater invertebrate function in these
systems. We conclude that systems which employ several farming practices focused on
conserving biodiversity have healthier soil characteristics and higher biological activity in
their soils, as measured by litter decomposition.
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1. Introduction
Much of the biodiversity of an agroecosystem exists in the soil. Soil community
interactions—microbes, invertebrates, to plant roots—affect the quality of crops and
nutrient cycling, resilience and resistance to stress, and very likely affect overall
ecosystem functioning, though myriad questions concerning relationships between soil
biodiversity and ecosystem functions remain (Brussaard et al. 2004; Chapin et al. 2000)
Different agricultural practices influence the activity and diversity of soil biota, where
intensification tends to reduce biodiversity and abundance (Riley et al. 2008; Fonte et al.
2007; Giller et al. 1997). Many invertebrates such as arthropods, arachnids, and annelids
in the soil can influence the physical and chemical properties of soil (Lehman et al. 2015;
Fonte et al. 2010; Fonte et al. 2007; Brussaard 1997; Lavelle 1996). Combined or
synergistic effects of land management decisions on insect-soil dynamics in
agroecosystems remain poorly understood.
1.1 Soil in corn production systems
The impacts of agricultural management decisions on soil attributes and quality
have global interest. Soil quality is defined as a specific kind of soil’s capacity to function
and sustain plant productivity, animal productivity, and maintain water and air quality
(Karlen et al. 1997). Indicators of soil health are measurable traits that influence soil’s
ability to support crop production or ecosystem services (Arshad and Martin 2002;
Karlen et al. 1997). Metrics used to gauge soil health include organic matter, water
infiltration rate, aggregation, pH, microbial biomass, forms of nitrogen, bulk density,
topsoil depth, conductivity, and available nutrients (Karlen et al. 1997; Tiessen et al.
1994). Organic matter is considered the basis for productivity of soil (Craswell and
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Lefroy 2001, Karlen et al. 1997, Tiessen et al. 1994). Organic matter analyses determine
the amount of organic matter (largely C) present in a soil and can be assessed several
ways, including analyzing the components of particulate organic matter (POM) of soil
organic matter (SOM) in a soil sample. The POM fraction comprises all SOM particles
which are less than 2 mm and greater than 0.053 mm in size (Cambardella and Elliot,
1992). POM and its components are biologically and chemically active and are the labile
proportion of SOM. Water infiltration rate translates to runoff and leaching potential,
efficiency of plant water use, and erosion potential (Karlen et al. 1997, Brady 1990). Bulk
density (BD) indicates the ability of plant roots to penetrate the soil, affects water and air
filled pore space, and influences biological activity (Karlen et al. 1997, Brady 1990).
1.2 Invertebrate functioning in soil
Soil organisms provide myriad ecosystem services which contribute to soil health.
Soil organisms decompose and mineralize organic matter, assist with cycling nutrients,
and provide bioturbation (Nichols et al. 2008; Snyder and Hendrix, 2008; Bang et al.
2005; Six et al. 2004; Brussaard 1997; Seastedt 1984). Microorganisms including
bacteria, Archaea, Fungi, and Protozoa are responsible for much of the decomposition,
mineralization, and nutrient cycling (Miura et al 2008; Pankhurst et al. 1996; Powlson et
al. 1987). But invertebrates such as arthropods, arachnids, and annelids are an important
interface between undegraded residue and microbial decomposers, providing bioturbation
and gross scale decomposition of plant and animal residue (Soong et al. 2016; Snyder and
Hendrix 2008; Brussaard 1997; Seastedt, 1984). Studies have assessed the benefits and
ecosystem services that invertebrates perform which contribute to soil traits. Earthworms
can dramatically increase nutrient cycling and stabilization in agroecosystems (Fragoso et
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al. 1997; Lavelle 1988). Earthworms, termites, and ants are commonly cited as
“ecosystem engineers”, or organisms that physically change the soil environment through
bioturbation and making tunnels in the soil (Holec and Frouz 2006, Jimenez and Decaens
2006, Jouquet et al. 2006). Mites, collembolans (springtails), earthworms, isopods,
millipedes, and insect larvae break down plant litter, contributing to soil organic matter
(Ke and Scheu 2008; Snyder and Hendrix 2008). It is well substantiated that invertebrates
can positively impact soil health.
Soil management practices such as tillage, residue removal, and plant diversity
have a major impact on soil biota—high frequency tillage disrupts insect communities by
degrading habitat and removing food and shelter resources (Riley 2008; Wardle 2001;
Wardle 1995), plant diversity encourages soil invertebrate diversity and provides pore
space and structure for invertebrate habitat (Brussaard et al.2004; Brussard 1997). Studies
corroborate that earthworm functioning is adversely affected by conventional practices
(Riley et al. 2008; Fonte et al. 2007), demonstrating that land management practices
affect not only the soil organisms themselves, but also the services that soil organisms
provide.
Here, we examine how cover crops, tillage, and insecticide use interact to
contribute to soil health and invertebrate functioning in soil. We examine these practices
in the context of regenerative production systems in the Upper Great Plains of the U. S.,
where a growing number of corn producers are adopting lower-input, more diverse
management practices which promote biodiversity. To accomplish this, we identified ten
pairs of farms that represent best management practices in a range of regenerative and
conventional corn production systems, and analyzed the relationships among
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management, soil health, and invertebrate community characteristics. An exclusion
experiment was used to measure how insects contribute to litter degradation and POM
generation. The results were that regenerative cornfields had more complex insect
communities, higher OM and lower BD, and greater litter degradation than
conventionally managed cornfields.
2.0 Materials and methods
2.1 Experimental conditions.
All fields (n = 20) were planted to Zea mays (corn), and were a minimum of 4 ha
in size. Half the farms were leaders in regenerative farming (identified by our team and
their peers), and the other 10 farms were identified by area farmers as local leaders in
conventional corn production; the regenerative farmers were split further into
regenerative and intermediate categories based on their specific practices (Table 1).
Conventional fields all had limited crop rotation, containing a consistent pattern of either
corn-soybean-corn, or corn-corn-corn, with no other crops integrated into the rotation,
used some form of Bacillus thuringiensis (Bt)-hybrid corn seed, pesticide seed treatment,
used herbicidal sprays, and most were tilled. Regenerative and intermediate crop fields
invariably incorporated diverse cover crops into their rotation. Seven conventional and
seven regenerative/intermediate farms were sampled during the summer of 2015, and
conventional and three regenerative/intermediate farms were sampled during summer of
2016. Farms were paired by location, each regenerative/intermediate and conventional
pair were within 50 km of one another. There were four replicates on each farm, all were
at minimum of 15 m from one another. Invertebrate sampling took place in all four
replicates, soil sampling took place in a single replicate per field.
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2.2 Soil sampling
Soil was analyzed for bulk density (BD), particulate organic matter (POM), soil
organic matter (SOM), and water infiltration. Soil cores (8.5 cm deep, 5 cm in diameter;
n = 4 SOM/POM; 4 BD) were collected along a grid, with each core collected at least 10
m apart; four cores were collected during early vegetative growth of the corn and four
during anthesis. BD samples were stored in plastic bags at ~1.8-2.6° C until analysis,
samples intended for POM and SOM analysis were stored in paper bags and dried to
constant weight. Water infiltration rates were taken at one location in each field at least
twice per season using the Natural Resources Conservation Service (NRCS) rainfall
infiltration rate kit. This consisted of a single-ring method with an application of 444 mL
water into the 15 cm diameter, 13.5 cm tall sheet-metal ring, which was hammered ~ 6.5
cm into the soil. The time until all of the water had saturated into the soil was recorded to
the nearest hundredth of a second. A second bout of 444 mL water was applied to the
same area and again the time until all water had infiltrated the soil was recorded. Water
infiltration rate was recorded both early and late in the season. This process simulated an
instantaneous 5 cm of rainfall.
2.3 Soil analyses.
For each sample, ~60 grams of soil was ground and visible plant residue was
removed by hand for 5 min. Soil samples were then placed in open aluminum soil
containers and were dried overnight at 105°C. Containers were covered in aluminum and
stored until they could be analyzed for SOM and POM.
SOM was determined using the weight loss on ignition (LOI) technique (Davies
1974). Empty aluminum pans were heated in a muffle furnace (Lindberg/Blue M:
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Thermo Fisher Scientific™, Model: BF51866A-1, Asheville, NC) at 450° C for 2 h, and
were henceforth managed free from external organic contaminants. Approximately 10 g
of soil were added to the aluminum pans, exact weight was determined on an analytical
balance (Mettler Toledo©, Model: XSE105DU, Columbus, OH). Samples were then
heated in the muffle furnace at 450° C for 4 h. Samples were cooled in a desiccator
cabinet and were then weighed on the analytical balance.
Coarse and fine POM were measured on each sample separately from SOM.
Approximately 30 g of soil were isolated and weighed in heat-sterilized aluminum pans.
Coarse and fine POM fractions were separated by soaking the soil in 90 mL of
5 g L−1 aqueous hexametaphosphate solution for 24 h. The soil samples were then mixed
in stainless steel containers for 5 min (Hamilton Beach Brands, Inc., Model:HMD200,
Glen Allen, VA). The samples were then sieved using a screen with 500 µm holes, and
then one with 53 µm holes to isolate coarse and fine POM fraction. Each fraction was
captured into its own aluminum pan, weighed, and then dried for ~24 h at 105° C
(Cambardella and Elliot 1992). Samples were then cooled in a desiccator cabinet,
weighed, and then placed in the muffle furnace for 4 h at 450° C, cooled in the desiccator
cabinet, and then weighed a final time.
BD was measured on separate soil cores from the organic matter estimates. These
cores were stored cold, then were thawed for ~ 2 h before they were weighed to 0.00001
g. They were then placed in aluminum soil containers and dried at 105° C for ~55 h,
cooled with aluminum lids on for 10 min, weighed, and dry weights were recorded. BD
was recorded by dividing the mass of the dry sample by the volume of the cylinder
𝑚

(D = 𝑣 ; V = πr2h) with which it was collected.
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2.4 Invertebrate sampling
2.4.1 Epigeal community sampling.
The epigeal (soil surface) community was sampled with a 0.25 m2 sheet-metal
quadrat (15 cm tall) inserted into the soil (Lundgren et al. 2006). Quadrats were placed in
randomly selected locations between corn rows (n = 5 per plot) and invertebrates were
exhaustively collected from the surface of the soil and beneath plant debris using
handheld mouth aspirators.
2.4.2 Soil community sampling.
The soil community was sampled by collecting soil cores (10 cm diameter, 10 cm
height) using a golf-hole cup cutter in randomly selected locations within and between
corn rows (n = 5 per plot). The cores were stored individually in plastic bags at ~1.82.6° C for 12-18 h prior to being placed in a Berlese extraction system for 7 d. Cores
were dried until soil reached constant weight and invertebrates were collected in 70%
ethanol.
2.4.3 Insect identification.
All invertebrates were stored in 70% ethanol for later curation and identification.
Insects were identified to the lowest taxonomic unit possible, and morphospecies were
assigned to many of the taxa for community analysis. Arthropod and other phyla were
also assigned morphospecies. Carabids were identified to the species level according to
keys listed in Ball and Bousquet (2001), other coleopterans were identified using keys
listed in White (1983). Ants were identified to genus level according to keys listed in
Fisher and Cover (2007). The remaining arthropods were identified from previous
experience of the authors, with guidance from the keys of Triplehorn and Johnson (2005).
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To further characterize the arthropod communities, individual morphospecies’ biologies
were considered and broadly grouped into herbivore pests and non-pests.
2.5 Invertebrate functioning.
An exclusion cage study was used to study the effect of invertebrate function on
soil qualities. Half of the cages (PVC pipes) included invertebrates and half excluded
invertebrates (n = 4 farm-1 each treatment), and soil samples were taken in and around
these cylinders. Cylinders (25 cm diameter, 25 cm tall) were inserted 18 cm into the soil.
The inclusion cylinders had windows cut out of the walls, and the tops were covered by a
plastic mesh with 6.5 mm openings. The exclusion cylinders had no windows and were
covered in 2 mm mesh, to exclude large invertebrates. The mesh tops were secured to the
cylinders using 90 cm long plastic cable ties. Soil cores were taken 8.5 cm deep inside
and outside of each cylinder using a 5 cm diameter handheld soil core auger (inside n = 1,
outside n = 2), outside samples were taken early season and late season, inside samples
were taken late in the season. These samples were used to determine BD, POM, and
SOM inside and outside of the cylinders using the procedures outlined above. The
efficacy of our exclusion cages in reducing soil invertebrates was validated by taking
cores from inside inclusion and exclusion cylinders, as well as from randomly selected
sites outside of cylinders (n = 15 for each set of observations).
Degradation of litter in sentinel litterbags that selectively excluded different sized
insects was used to determine the relative rates of residue decomposition in each replicate
field. Each bag contained 10 ± 0.1 g of dried corn residue collected locally. Litterbags
were constructed of three different sizes of mesh to restrict access of different sized
invertebrates. Mesh sizes were 6.5 mm, 2 mm, and 0.003 mm (n = 20 each) were placed
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in each of the 14 fields in 2015, five of each mesh size were placed in each replicate-plot1

(Table 1). Litterbags were 20 × 20 cm in size, and were secured on the soil surface

between corn plants within rows at least 10 m apart. Litterbags were placed in late May
or early June, corresponding with each field’s first soil sampling date. At the end of the
growing season, corresponding with each field’s last soil sampling date, litterbags were
carefully collected, opened, dried to constant weight, and the remaining corn residue was
weighed. Damaged litterbags were disposed of and not counted in analysis resulting in
final sample sizes of 55, 52, and 51 observations for bags with small, medium, and large
mesh sizes out of the total 56 plots.
2.5 Data analysis
Data were analyzed using the statistical software SYSTAT® 13 and figures were
created using SigmaPlot (Systat Software, Inc., San Jose, CA). Each management
practice, regenerative, intermediate, and conventional, were compared to soil metrics BD,
SOM, %fPOM and %POM. There were 20 observations for BD, and 18 for SOM,
%fPOM and %POM. Cover, no-till, and no-insecticide were designated as regenerative
practices, and no-cover, till, and use of insecticide were considered conventional
practices. Soil metrics were also evaluated based on system; a farm was considered a
regenerative system if it implemented all three regenerative practice, intermediate if it
used two practices, and conventional if one or fewer regenerative practices were used.
Least squares linear regressions were run to examine relationships between soil
metrics and invertebrate community metrics, using a field-average of late season means
of invertebrates per m2 and a field-average of soil values. Significance level α = 0.05. The
community metrics we evaluated were pest abundance, non-pest invertebrate abundance,
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species richness, species diversity, and community evenness. Diversity and evenness
were calculated using the Shannon H diversity index.
Least squares linear regressions were also run between invertebrate abundance
and litterbag degradation as well as species richness and litterbag degradation. Litterbag
weight loss and decomposition weight were analyzed in ANOVAS to determine
differences in degradation among practices and among systems. Weight loss was
calculated on the corn residue: (beginning of season weight) – (end of season weight).
Decomposition rate (k) was calculated on corn residue: 𝑘 =

𝑁𝑡
)
𝑁𝑜

ln(

𝑡

where Nt = weight of

residue at end of season, No = original weight of residue, and t = number of days in the
field. Rates for medium and large rates were determined by deducting their rates from
those of small mesh rates, to account for microbial decomposition apart from invertebrate
decomposition.
3.0 Results
3.1 Soil and invertebrate characteristics based on management
All systems had similar values of SOM (F2, 15 = 0.43, P = 0.66), but regenerative
systems had more %POM (F2, 15 = 7.23, P = 0.01) and %fPOM (F2, 15 = 9.00, P = 0.003)
than conventional and intermediate systems. Regenerative management systems had
lower BD than intermediate systems (F2, 17 = 3.75, P = 0.05), but regenerative and
conventional and conventional and intermediate samples had similar BD (P > 0.05).
Individual farms’ soil values are depicted in Table 2. Water infiltration rate did not differ
among management systems (P > 0.05). For water infiltration rate data see Appendix E.
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Individual practices had few effects on soil metrics; fields that were no-till had
marginally higher %POM (F 1, 16 = 4.27, P = 0.06) and %fPOM (F1, 16 = 3.92, P = 0.06);
BD and SOM were unaffected by tillage (P > 0.05). Use of cover crops and abandonment
of insecticides did not affect soil metrics (P > 0.05). Water infiltration rate did not differ
by cover crop usage, insecticide application, or tillage (P > 0.05).
Invertebrate community characteristics differed by system as well (for complete
community assessment, see Chapter II). Regenerative systems had more abundant epigeal
(F2, 77 = 5.89, P = 0.004) and soil (F2, 77 = 3.46, P = 0.04) communities than conventional
systems, regenerative and intermediate systems had richer epigeal
(F2, 77 = 25.31, P < 0.001) and soil (F2, 77 = 11.30, P < 0.001) communities, and
regenerative systems had more diverse epigeal (F2, 77 = 7.09, P = 0.001), while
intermediate systems had more diverse soil communities (F2, 77 = 4.56, P = 0.01)
(Shannon H), all other pairwise comparisons of community characteristics were
insignificant (P > 0.05). For full soil characteristic data, see Appendix F.
3.4 Invertebrate characteristics and soil characteristics
The epigeal and soil communities were associated with positive soil
characteristics. More abundant epigeal communities were correlated with higher %POM
(F1, 16 = 6.17, P = 0.02) and %fPOM (F1, 16 = 4.96, P = 0.04). More abundant soil
communities also correlated with higher %POM (F1, 16 = 5.01, P = 0.04) and %fPOM
(F1, 16 = 4.81, P = 0.04). Abundance was not related to SOM or BD (P > 0.05). Species
richness, community diversity, and community evenness were not correlated to SOM,
%POM, %fPOM, or BD (P > 0.05).
3.3 Invertebrate functioning in soil
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Regenerative and intermediate systems had more weight loss in small
(F2, 52 = 4.00, P = 0.02) and medium (F2, 49 = 6.14, P = 0.04) mesh litterbags than
conventional systems, and intermediate systems had the most degradation within the
large mesh litterbag (F2, 48 = 8.23, P = 0.001). Litterbag degradation was congruent with
mesh size, large mesh size lost the most mean weight (± SEM) 2.73 ± 0.02 g, followed by
medium mesh bags 2.49 ± 0.01 g, and small mesh bags lost 2.34 ± 0.01 g. The
decomposition rate, k was marginally greater in regenerative fields in the small mesh
bags (F2, 52 = 2.88, P = 0.06), and greater in rates of large mesh in intermediate fields
(F2, 48 = 9.00, P < 0.001), other comparisons of practices were similar (P > 0.05).
Individual practices had differing effects on litter degradation; fields that did not
till experienced more residue degradation (F1, 50 = 11.07, P = 0.002) and a faster
decomposition rate (F1, 50 = 4.30, P = 0.04) in medium mesh bags than fields that used
tillage, but there was no difference in degradation in small or large mesh bags (P > 0.05).
Fields with cover crops, which included both regenerative and intermediate farms but no
conventional farms, had more weight loss in small (F1, 53 = 8.50, P = 0.01), medium
(F1, 50 = 5.56, P < 0.001) and large (F1, 49 = 5.75, P = 0.02) mesh litterbags than those
without cover crops, and had higher decomposition rates in the small mesh bags
(F1, 53 = 4.42, P = 0.04), not medium or large (P > 0.05). Fields that had abandoned
insecticides, within the context of the regenerative system, were associated with more
litterbag weight loss in small (F1, 53 = 10.81, P = 0.002) and medium
(F1, 50 = 10.76, P = 0.002) mesh size, but not large mesh size (P > 0.05), insecticides did
not affect decomposition rate (P > 0.05).
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More soil invertebrates were correlated with more weight loss of small
(F1, 53 = 4.51, P = 0.04) and medium (F1, 50 = 5.02, P = 0.03) mesh bags, but not large
mesh bags (F1, 49 = 0.49, P = 0.49). Higher soil species richness also correlated to more
degradation in small (F1, 53 = 6.84, P = 0.01), medium (F1, 50 = 14.58, P < 0.001), and
large litterbags (F1, 49 = 13.76, P = 0.001), while higher diversity of the soil community
correlated with more degradation in only the medium (F1, 50 = 9.85, P = 0.003) and large
mesh (F1, 49 = 12.38, P = 0.001), not the small (F1, 53 = 0.67, P = 0.42). Epigeal richness
correlated with small (F1, 53 = 24.44, P < 0.001) and medium bag degradation
(F1, 50 = 16.79, P < 0.001), but not large bag degradation (F1, 49 = 1.66, P = 0.20), while
increased epigeal diversity correlated with increased degradation of small
(F1, 53 = 20.67, P < 0.001), medium (F1, 50 = 30.00, P < 0.001), and large
(F1, 49 = 5.93, P = 0.02) mesh litterbags.
Upon examining k decomposition values, when small mesh bag decomposition
(microbial activity) was accounted for, there was no relationship between invertebrate
metrics and decomposition in medium or large mesh bags, (P > 0.05). There were
positive relationships between decomposition rate and soil species richness
(F1, 53 = 14.85, P < 0.001) and soil diversity (F1, 53 = 11.86, P < 0.001) in small mesh
litterbags. There were fewer invertebrates in exclusion cylinders (32.00 ± 0.74) than in
inclusion cylinders (88.33 ± 4.25) or unenclosed soil (82.07 ± 3.50)
(F2, 42 = 6.19, P = 0.004) but there was no difference in BD, SOM, %POM, or %fPOM
between the cylinders (P > 0.05), nor in each cylinder from the beginning to end of the
season (P > 0.05). For complete cylinder data, see Appendix G.
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4.0 Discussion
Regenerative systems had more positive indicators of soil health than
conventional corn fields. Organic matter is the basis for the productivity of soil (Wander
2004; Karlen et al. 1997; Tiessen et al. 1994), and soils from regenerative systems had
more POM and fPOM than conventional and intermediate systems. SOM did not differ
among management systems, which was not unexpected. POM and its constituents are
considered the labile, more dynamic fractions of SOM, and are more typically used to
track management-based differences in organic matter (Marriot and Wander 2006;
Marriot and Wander 2005; Wander 2004; Cambardella and Elliot 1992). SOM consists of
some recalcitrant materials and can take hundreds of years to recycle (Stevenson 1994).
Soil characteristics change slowly, often requiring more than one growing season to
measure changes (Marriot and Wander 2006; Stevenson 1994; Cambardella and Elliot
1992). As such, the fact that we did not see changes in soil health within the inclusion
and exclusion cylinders is understandable. Higher POM indicates more organic matter
(carbon, nitrogen) available to plants and these nutrients are resistant to leaching
(Cambardella and Elliot 1992). POM, which is partly comprised of decomposed plant
residue, is considered a food source for microorganisms (Christensen, 2001; Stevenson
1994; Janzen et al. 1992). Soils from regenerative cornfields had lower BD than
intermediate systems. Lower BD generally indicates less compacted soil with better water
holding capacity and aeration, characteristics which are conducive to plant growth
(Karlen et al. 1997; Carter 1990; Archer and Smith 1972). Of the specific practices
recorded in these systems, only tillage affected soil characteristics. No-till fields had
marginally higher %POM and %fPOM than fields with tillage, indicating that the no-till
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practice is one of the drivers of soil health. Studies generally reveal that systems that use
less tillage have greater SOM and POM content than those that practice conventional
tillage (Cates et al. 2016; Pikul 2007; Six et al. 2000; Six et al. 1999). It seems most
likely that the discrepancy is driven by damage to soil aggregation, which physical
disturbance such as tillage causes, and 60% of the fields classified as intermediate used
tillage, which is well substantiated to result in less aggregation and lower SOM (Plaza et
al. 2013; Six et al 2000; Six et al. 1999; Six et al. 1998). Leaving aggregate structure
intact is important because microaggregates, which reside in macroaggregates are
essential to stabilizing and protecting soil and particulate organic matter from loss to
erosion, leaching, or respiration (Plaza et al. 2013; Six et al. 2004; Six et al 2000; Adu
and Oades, 1978).
Soil health was correlated with insect community characteristics. Specifically,
epigeal invertebrate abundance positively correlated with POM and fPOM (Figure 2), and
soil invertebrate abundance was positively associated with POM, suggesting that
invertebrates may have been attracted to soil with more organic matter, and they may
contribute to the integration of organic matter into the soil (Brussaard 1997; Fragoso et
al. 1997; Lavelle 1988). The biological environment and ecological interactions which
take place in soils with more organic matter may also be the driver of invertebrate
presence. By fragmenting and partially decomposing plant litter, soil invertebrates release
nutrients that microbes consume (Wolters 2000; Reichle 1977). More food for lower
trophic levels scales up; microbes themselves are a food source for invertebrates at higher
trophic levels. Detritivores do not solely consume dead organic matter, they ingest
bacteria, fungi, and other microbes that colonize decaying litter and humus (Wolters
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2000; Reichle 1977). Alternatively, the presence of more invertebrates may be the factors
mediating the increased POM and fPOM, by decomposing the abundant plant residue
(cover crop residue) that is present in regenerative and intermediate fields (Six 2004;
Brussaard 1997; Fragoso et al. 1997; Lavelle 1988). Some species of earthworm are
considered major contributor to aggregation and stabilization of SOM and soil organic
carbon (Riley et al. 2008; Fonte et al.2007; Six et al 2004; Fragoso et al. 1997; Lavelle
1988). The presence of more ubiquitous and diverse plant residue may attract
invertebrates; these invertebrates then function to decompose and mineralize the plant
residue into SOM and nutrients. As such, soil invertebrates at higher trophic levels create
feedback mechanisms which affect the soil food web and ultimately affects SOM
deposition (Wolters 2000; Seastedt, 1984; Reichle 1977). Additionally, increased levels
of POM could be explained by the soil environment under regenerative systems being
less conducive to the transformation of POM, or they could be more conducive to new
POM deposition (Pikul et al. 2007). To get at the mechanism behind increased POM
levels, we examine the function of soil biota through comparing litter degradation.
Litter decomposition is one reliable indicator of soil biological activity (Bokhurst
and Wardle 2012; Bradford et al. 2002; Seastedt 1984), and increased litter
decomposition infers more biological activity in the regenerative and intermediate
systems. Based on the relative litter degradation rates, we surmise that the increased
POM in the soil of these systems may partly have been mediated by soil biota. We found
that large mesh litterbags lost the most weight, bags with medium mesh lost a moderate
amount of weight, and small-meshed bags lost the least total weight. This corroborates
other studies that show the most litter degradation when the most biota has access to litter
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(Bokhurst and Wardle 2012; Bradford et al. 2000), and is a validation that our mesh-size
exclusions successfully manipulated the detritivore activities as designed.
Regenerative and intermediate systems had more overall weight loss in the small
(abiotic factors and microbe-including) and medium (abiotic, microbe and mesoinvertebrate-including) mesh litterbags than conventional systems, and intermediate
systems had the most breakdown in large (abiotic, microbe, meso- and macroinvertebrate-including) mesh litterbags. Along with microbes, the small-meshed bags
could have included protozoa which feed on soil microbes (Bradford et al. 2000; Verhoef
and Brussaard, 1990; Vargas and Hattori 1986; Petersen and Luxton 1982). Meso- (2-100
mm) and macro- (2–6.5 mm) invertebrates were allowed in the large and medium mesh
sizes and include earthworms, nematodes, arthropods (major arthropod detritivores being
millipedes, Collembola, Diplura, Protura, and mites), isopods, and mollusks (Snyder and
Hendrix, 2008; Bradford et al. 2000; Verhoef and Brussaard, 1990; Petersen and Luxton
1982). Microbes are responsible for approximately 90% of the decomposition of plant
residue (Zhang and Zak, 1998); our findings reflect this—the k values comparing mesh
sizes demonstrate that the majority of breakdown was due to microbes. Regenerative
systems had the more microbe-driven residue breakdown (represented the k value of the
small mesh bags) than intermediate or conventional systems. This finding corroborates
studies that indicate more fungal and bacterial biomass and function in undisturbed soil
(Miura 2008, Frey et al. 1999).
Invertebrates were significantly more species rich and abundant in the
regenerative and intermediate systems compared to the conventional fields, supporting
the notion that invertebrates were partially responsible for this breakdown in regenerative
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systems. However, the same cannot be said of intermediate corn systems, where there
were similar invertebrate community characteristics and large gauge litterbag degradation
but not increased soil health. Disturbances, as utilized by the intermediate systems (either
tillage or insecticide use), affected soil health even though they did not immediately or
directly affect invertebrates or invertebrate functioning within the scope of our study. The
discrepancy in soil health between regenerative and intermediate systems may be driven
by the differences in the microbial communities (Plaza et al. 2013; Miura 2008; Zhang
and Zak 1998), that did not scale up to the larger invertebrate communities, but it seems
more likely that disturbance drove the discrepancy in POM (Plaza et al. 2013; Six et al
2000; Six et al. 1999; Six et al. 1998).
Only the most rigorously regenerative systems had all three components of
interest in this study, including more invertebrate abundance and diversity, more litter
degradation, and healthy soil. Soil biota respond quickly to changes in management such
as tillage, fertilization, and pesticide application by affecting abundance, community
characteristics, or activity (Twardowski et al. 2016; Lehman 2015; Miura 2008; Coleman
et al. 2002; Miyazawa et al. 2002; Kladivko 2001; Wardle 1995; Karlen et al. 1994), so
alteration and degree of management practices has the potential to influence invertebrate
community characteristics. In future work, we would like to more closely examine the
functional groups in the epigeal and soil invertebrate communities and determine if there
are so-called indicator species for SOM/POM and BD within the communities that we
analyzed.
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7.0 Tables
Table 1. Description of management practices and soil by farm. Regenerative
practices include use of a cover crop (yes in cover crop usage column), abandonment of
insecticide (no in insecticide usage column), and abandonment of tillage (no in tillage
column). A farm is classified as a regenerative system if it implements three regenerative
practices. A farm is classified as an intermediate system if it implements 2 regenerative
practices. Regenerative and intermediate systems are indicated by shaded rows.
Conventional practices include having a period of bare soil (no in cover crop usage
column), using insecticides (yes in insecticide column), and tilling (yes in tillage
column). A farm is classified as a conventional system if it implements one or zero
regenerative practices. Conventional systems are indicated by white rows. Soil type is
defined as the majority soil type of the sampled field, soils are described in footnotes.

Nearest
town

Management
system

Cover
crop
usage

Insecticide
usage

Tillage

1

Bladen,
NE

regenerative

yes

no

no

2

Bladen,
NE

conventional

no

yes

yes

3

York, NE

regenerative

yes

no

no

4

York, NE

conventional

no

yes

yes

5

Bismarck,
ND

regenerative

yes

no

no

6

Bismarck,
ND

conventional

no

yes

no

7

Bismarck,
ND

regenerative

yes

no

no

8

Bismarck,
ND

conventional

no

yes

no

9

White, SD

intermediate

yes

no

yes

10

White, SD

conventional

no

yes

yes

11

Pipestone,
MN

intermediate

yes

no

yes

12

Pipestone,
MN

conventional

no

yes

yes

Site

Soil
Holdrege silt
loam, 0 - 1 %
slopes
Holdrege silt
loam, 0 - 1 %
slopes
Hastings silt loam,
1 - 3 % slopes
Hastings silt loam,
1 - 3 % slopes
Roseglen silt
loam, 0 - 2 %
slopes
Parshall-Lihen
fine sandy loams,
2 - 6 % slopes
Roseglen silt
loam, 0 - 2 %
slopes
Roseglen silt
loam, 0 - 2 %
slopes
Barnes clay loam,
2 - 6 % slopes
Barnes clay loam,
2 - 6 % slopes
Athelwold silty
clay loam, 0 - 2 %
slopes
KranzburgBrookings silty
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13

Toronto,
SD

intermediate

yes

yes

no

14

Toronto,
SD

conventional

no

yes

yes

15

Canby,
MN

intermediate

yes

no

yes

16

Canby,
MN

conventional

no

yes

yes

17

Arlington,
SD

regenerative

yes

no

no

18

Arlington,
SD

conventional

no

yes

yes

intermediate

yes

yes

no

conventional

no

yes

yes

19

20

Lake
Norden,
SD
Lake
Norden,
SD

clay loams, 1 - 6 %
slopes
Poinsett-Waubay
silty clay loams, 0
- 2 % slopes
Poinsett-Waubay
silty clay loams, 1
- 6 % slopes
Mehurin clay
loam, 0 - 2 %
slopes
Mehurin clay
loam, 0 - 2 %
slopes
Poinsett-BuseWaubay complex,
1 - 6 % slopes
Poinsett-BuseWaubay complex,
1 - 6 % slopes
Brandt silty clay
loam, coteau, 0 2 % slopes
Hetland silty clay
loam, 0 - 2 %
slopes

Footnote: Soil descriptions.
Holdrege: Fine-silty, mixed, superactive, mesic Typic Argiustolls; Hastings: Fine,
smectitic, mesic Udic Argiustolls; Roseglen: Fine-loamy, mixed, superactive, frigid
Pachic Haplustolls; Parshall-Lihen: Coarse-loamy, mixed, superactive, frigid Pachic
Haplustolls- Sandy, mixed, frigid Entic Haplustolls; Barnes: Fine-loamy, mixed,
superactive, frigid Calcic Hapludolls; Athelwold: Fine-silty over sandy or sandyskeletal, mixed, superactive, frigid Pachic Hapludolls; Kranzburg-Brookings: Finesilty, mixed, superactive, frigid Calcic Hapludolls-Fine-silty, mixed, superactive, frigid
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Pachic Hapludolls; Poinsett-Waubay: Fine-silty, mixed, superactive, frigid Calcic
Hapludolls-Fine-silty, mixed, superactive, frigid Pachic Hapludolls; Mehurin: Fine,
smectitic, frigid Aquic Argiudolls; Poinsett-Buse-Waubay: Fine-silty, mixed,
superactive, frigid Calcic Hapludolls-Fine-loamy, mixed, superactive, frigid Typic
Calciudolls-Fine-silty, mixed, superactive, frigid Pachic Hapludolls; Brandt: Fine-silty,
mixed, superactive, frigid Calcic Hapludolls; Hetland: Fine, smectitic, frigid Pachic
Vertic Argiudolls
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Table 2. Soil metrics by management system and practices. Soil organic matter,
particulate organic matter as a fraction of soil organic matter, and fine particulate matter
as a fraction of particulate organic matter. SOM is presented in g/kg. Values are
presented for each farm. Regenerative practices include use of a cover crop (yes in cover
crop usage column), abandonment of insecticide (no in insecticide usage column), and
abandonment of tillage (no in tillage column). A farm is classified as a regenerative
system if it implements three regenerative practices. A farm is classified as an
intermediate system if it implements 2 regenerative practices. Regenerative systems are
shaded in dark gray, intermediate in light gray. Conventional practices include having a
period of bare soil (no in cover crop usage column), using insecticides (yes in insecticide
column), and tilling (yes in tillage column). A farm is classified as a conventional system
if it implements one or zero regenerative practices. Conventional systems are indicated
by white rows.

1

Nearest
town
Bladen, NE

Management
system
regenerative

Cover
crop
usage
yes

Insecticide
usage
no

Tillage
no

SOM
62.30

%POM
25.69

%fPOM
24.60

BD
0.88

2

Bladen, NE

conventional

no

yes

yes

45.25

19.70

18.23

1.05

3

York, NE

regenerative

yes

no

no

62.05

21.95

20.51

0.80

4

York, NE

conventional

no

yes

yes

55.49

22.36

20.07

1.07

5

Bismarck, ND

regenerative

yes

no

no

41.86

33.09

30.02

0.96

6

Bismarck, ND

conventional

no

yes

no

38.54

16.48

15.01

1.15

7

Bismarck, ND

regenerative

yes

no

no

58.21

20.30

19.06

0.99

8

Bismarck, ND

conventional

no

yes

no

9

White, SD

intermediate

yes

no

yes

67.16

10.15

8.82

1.60

10

White, SD

conventional

no

yes

yes

55.21

18.54

17.03

1.34

11

Pipestone, MN

intermediate

yes

no

yes

12

Pipestone, MN

conventional

no

yes

yes

47.50

18.98

16.46

1.24

13

Toronto, SD

intermediate

yes

yes

no

75.97

16.33

15.22

1.19

14

Toronto, SD

conventional

no

yes

yes

63.80

13.56

13.56

1.10

Site

0.99

0.98
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15

Canby, MN

intermediate

yes

no

yes

75.28

13.53

12.26

1.11

16

Canby, MN

conventional

no

yes

yes

73.63

15.66

14.46

1.15

17

Arlington, SD

regenerative

yes

no

no

81.74

17.71

16.27

1.22

18

Arlington, SD

conventional

no

yes

yes

81.79

15.12

13.75

1.11

19

Lake Norden, SD

intermediate

yes

yes

no

45.56

14.59

10.98

1.43

20

Lake Norden, SD

conventional

no

yes

yes

62.61

10.52

9.34

1.41
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8.0 Figures
Figure 1. %POM by system. POM is presented for each management system as a
fraction of SOM. (Significance level α = 0.05). Regenerative practices include use of a
cover crop, abandonment of insecticide, and abandonment of tillage. Conventional
practices include tillage, bare soil, and insecticide use. A farm is classified as a
regenerative system if it implements three regenerative practices, an intermediate system
if it implements 2 regenerative practices, and a conventional system if it uses one or zero
regenerative practices.
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Figure 2. Litterbag degradation by system. Regenerative systems use three
regenerative practices, intermediate systems use two regenerative practices, and
conventional systems use one or no regenerative practices. Regenerative practices include
no-till, cover crop use, and abandonment of insecticide. Conventional practices include
tillage, bare soil, and insecticide use. Litterbag weight loss was measured for each mesh
size, small = 0.003mm, medium = 2 mm, large = 6.5 mm. More weight loss (g) signifies
more degradation. Regenerative and intermediate systems had more weight loss than
conventional systems in the small mesh size (F2, 52 = 4.00, P = 0.02). Regenerative and
intermediate systems lost more weight than conventional systems in the medium mesh
size (F2, 49 = 6.14, P = 0.04), and intermediate systems experienced the most weight loss
in large mesh litterbags ((F2, 48 = 8.23, P = 0.001). (Significance level α = 0.05).

134

Figure 3. Soil invertebrate abundance and %POM in cornfields of the Upper Great
Plains. Values represent mean total soil invertebrates per m2 collected at anthesis and
mean %POM per field. (Significance level α = 0.05).
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CHAPTER FOUR: COMPARATIVE YIELDS, PROFITABILTY,
AND SOIL HEALTH IN DIFFERENTLY MANAGED
CORN (Zea mays) PRODUCTION SYSTEMS
Abstract
Regenerative agriculture systems employ several farming practices aimed at increasing
biodiversity, decreasing disturbance, and decreasing external inputs. Here, we investigate
how regenerative farming practices and system management affects soil health, yield, and
profitability in corn (Zea mays) fields across four states in the Northern Great Plains
region of the United States. Soil organic matter and its constituents, along with bulk
density, were analyzed against yield and profitability metrics across 20 farms. Yields
were significantly lower (by 27%) and profits were significantly higher (by 67%) in the
regenerative corn production systems relative to the conventional corn. The major
proximate drivers for this profit were return on grain, cost of seed (including pest
management technology fees), and cost of fertilizer. Profit was positively correlated with
soil organic matter on the farms, and negatively correlated with soil bulk density. We
conclude that regenerative systems that focus on soil quality and biodiversity
conservation require fewer inputs and have substantially higher short term profitability
relative to yield-focused production systems.
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1.0 Introduction
In its simplest form, farm profitability can be thought of as a function of the value of
the outputs produced and the costs associated with production. The valuable outputs of a
farm are generally yield of grain and livestock products. Additional sources of revenue
can include government subsidies, including farm insurance payments and various land
management incentive programs, and finding new or alternative revenue opportunities,
such as direct marketing at farmers’ markets or developing practices which improve the
natural resource pool and functioning of the system (Brown and Miller 2008; Gardner
2007). Myriad inputs go toward agricultural production, especially in the current food
production paradigm (Fausti 2015; Benbrook 2009). Every action on a farm costs time
and money. In a corn production system, direct inputs typically include: tilling, planting,
harvesting, applying chemicals and fertilizers, the cost of fuel for these practices, the cost
of corn seed, the cost of biotechnologies and chemicals on corn seed, the cost of fertilizer,
the cost of drying or cleaning corn seed, the premium associated with crop insurance.
There are indirect or overhead expenses associated with corn production too, such as cost
of equipment, land rent or mortgage payments, and cost of repairs. Profitable production
systems can maximize the outputs (through yield) and minimize the inputs (reduce
chemical usage, reduce specific practices), and both of these goals can be achieved by
maintaining the natural resource base of agricultural land (Altieri et al. 1998; Altieri and
Nicholls 2003; Balvanera et al. 2006).
Healthy soils provide ecosystem services which promote crop health and growth
(Karlen et al. 2003; Karlen et al. 1997; Adams et al. 1973). Some important and
commonly used indicators of soil health are soil organic matter (SOM) content and bulk
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density (BD) (Craswell and Lefroy 2001; Karlen et al. 1997, Tiessen et al. 1994; Brady
1990). Organic matter content of soils is considered the basis for fertility and productivity
of soil (Craswell and Lefroy 2001; Karlen et al. 1997; Tiessen et al. 1994). Soil organic
matter (SOM) is associated with more nutrient cycling, more carbon available to plants,
and can affect crop yield (Kumar 2014; Karlen et al. 2003; Karlen and Cambardella
1996). Bulk density indicates the structure of the soil, the ability of plant roots to
penetrate the soil, affects water and air filled pore space (Carter 1990; Archer and Smith
1972), and encourages biological activity (Miura 2008; Karlen et al. 1997, Brady 1990).
Healthy soils attract and maintain biodiversity; soils provide the basis for plant and
animal abundance, diversity, and health (Twardowski et al. 2016; Miura 2008; Wardle
1995). Corn, as a single crop monoculture, occupies approximately 30% of arable acres
planted in 2016 (NASS 2016), and has effectively replaced much biodiversity (Schmid et
al. 2015; Butler et al. 2007) with an artificial ecosystem which requires human inputs
(Foley et al. 2011). Simplified, monoculture agoecosystems lack basic functional
components, and are deficient in their capacity to support their own soil fertility and pest
regulation (Altieri 1994, Altieri 1998, Loreau 2001). Loss of diversity in agriculture is
dangerous for several reasons, including that diversity loss makes crop production more
fragile in the presence of pests and disease (Horrigan et al. 2002). This vulnerability is in
part due to the fact that less species-rich ecosystems which are less resilient and adaptable
to external stress than one with a wide range of species (Altieri 1994, Balvanera et al.
2006).
Individual practices are often combined into production system that ultimately drives
the yield and productivity of a farm. With a goal of increasing soil health and crop
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productivity, studies have investigated the effect of some crop production practices on
soil quality; soil carbon, soil nitrogen, and POM are typically greater under no-till
management than either reduced till or conventional till practices (Pikul et al. 2007;
Thomas et al. 2006). Added plant diversity is also associated with higher OM content in
cropping systems (Pikul et al. 2007; Karlen and Cambardella, 1996) demonstrating that
biodiversity and reduction of disturbance affect soil characteristics. Examining
individual practices outside of a fully functional system can obscure understanding of the
benefits of these practices (Pitelkow et al 2014). For example no-till durum wheat had
higher yield in dry conditions than conventionally-tilled wheat, and had no yield
difference in normal to wet conditions (de Vita et al. 2007), and this conditional effect of
no-till was echoed in another study in corn (Houx et al. 2016).Still other work has shown
little effect of no-till practices on yields (Kumar et al. 2014). Several studies assess the
comparative yield in organic and conventional systems; yield tends to be about 20-25%
lower in organic than conventional systems (Gabriel et al. 2013; Seufert et al. 2012; de
Ponti et al. 2011). A 1998-2002 study conducted across nine states found that no-till and
conservation tillage practices resulted in no difference in yield in corn or soybean; the
same study found that no- and limited till sites had higher profit, about $130-$145 more
per hectare than conventional tillage (Buman 2004). Our study emphasizes that
profitability can be achieved by means other than high yields, and also underscores the
importance of comparing locally determined best management practices for each system,
rather than a rigid experimental framework meant to harmonize mechanistic drivers.
The mitigation of all farm inputs and outputs must be considered to maximize
profitability, not solely yield, especially as corn seed expenses have been increasing and
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return on corn grain have been decreasing in recent years (NASS 2016). Most studies do
not determine the comparative profitability of management systems, yet economic
evidence of profitability is the most effective approach to influence farmers’ behavior and
use of conservation agricultural practices (Cary and Wilkinson 2009).
2.0 Materials and methods
2.1 Experimental conditions.
Ten pairs of farms were selected for invertebrate sampling. All fields were
planted to Zea mays (corn), and were a minimum of 4 ha in size. These farms represented
two fundamental systems; regenerative versus conventional models. Traits of each farm
are presented in Table 1. Specific practices that were used in the systems were
categorized as cover (regenerative) or bare soil (conventional); no-till (regenerative) or
till (conventional); and no insecticide (regenerative) or insecticide (conventional). A farm
was considered a regenerative system if more than one regenerative practice was used.
All regenerative farms have used their respective regenerative practices for a minimum of
3 y, and are regarded by peers as local leaders in regenerative farming. In addition to
always having bare soil, conventional cornfields all had a limited crop rotation consisting
of either corn-soybean or a continuous corn rotation. Conventional cornfields also all
used some form of Bt-hybrid corn seed, pesticide (fungicide and neonicotinoid
insecticide) seed treatment, and herbicide sprays. Regenerative cornfields all incorporated
diverse cover crops into their rotation and had few, if any, chemical inputs. Three
regenerative fields were certified organic, and seven regenerative fields were no-till,
limited input systems. Seven farm pairs were sampled summer 2015, and three pairs were
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sampled in 2016. Four independent sites (61× 61 m each), were segregated on each farm
(separated by at least 15 m), for a total of 40 sites for each treatment. Each regenerative
and conventional farm pair were within 50 km of one another.
2.2 Yield sampling.
Yields were gathered from three, 3.5 m sections of row from each replicate-field.
Corn was shelled, weighed, and dried until moisture reached 15.5%, as determined using
a grain moisture tester (agraTronix™, Model: MT-16 No.08155, Streetsboro, OH).
Protein was determined using an automated grain analysis computer (DICKEY-john®,
Model: GAC2000, Auburn, IL).
2.3 Soil sampling
Soil was analyzed for bulk density (BD), particulate organic matter (POM), soil
organic matter (SOM), and water infiltration. Soil cores (8.5 cm deep, 5 cm in diameter;
n = 4 SOM/POM; 4 BD) per replicate field were collected along a grid, with each core
collected at least 10 m apart; four cores were collected during early vegetative growth of
the corn and four during anthesis. BD samples were stored in plastic bags at ~1.8-2.6° C
until analysis, samples intended for POM and SOM analysis were stored in paper bags
and dried to constant weight. Two fields (sites 8 and 11) were omitted from SOM/POM
analyses due to sampling restrictions.
2.4 Soil analyses.
For each sample, ~60 grams of soil was ground and visible plant residue was
removed by hand for 5 min. Soil samples were then placed in open aluminum soil
containers and were dried overnight at 105°C. Containers were covered in aluminum and
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stored until they could be analyzed for soil organic matter (SOM) and particulate organic
matter (POM).
SOM was determined using the weight loss on ignition (LOI) technique. Empty
aluminum pans were heated in a muffle furnace (Lindberg/Blue M: Thermo Fisher
Scientific™, Model: BF51866A-1, Asheville, NC) at 450° C for 2 h, and were henceforth
managed free from external organic contaminants. Approximately 10 g of soil were
added to the aluminum pans, exact weight was determined on an analytical balance
(Mettler Toledo©, Model: XSE105DU, Columbus, OH). Samples were then heated in the
muffle furnace at 450° C for 4 h. Samples were cooled in a desiccator cabinet and were
then weighed on the analytical balance.
Coarse and fine POM were measured on each sample along with SOM.
Approximately 30 g of soil were isolated and weighed in heat-sterilized aluminum pans.
Coarse and fine POM fractions were separated by soaking the soil in 90 mL of
5 g L−1 aqueous hexametaphosphate solution for 24 h. The soil samples were then mixed
in stainless steel containers for 5 min (Hamilton Beach Brands, Inc., Model:HMD200,
Glen Allen, VA). The samples were then sieved using a screen with 500 µm holes, and
then one with 53 µm holes to isolate coarse and fine POM fraction. Each fraction was
captured into its own aluminum pan, weighed, and then dried for ~24 h at 105° C.
Samples were then cooled in a desiccator cabinet, weighed, and then placed in the muffle
furnace for 4 h at 450° C, cooled in the desiccator cabinet, and then weighed a final time.
BD was measured on separate soil cores from the organic matter estimates. These
cores were stored cold, then were thawed for ~ 2 h before they were weighed to 0.00001
g. They were then placed in aluminum soil containers and dried at 105° C for ~55 h,

142

cooled with aluminum lids on for 10 min, weighed, and dry weights were recorded. BD
was recorded by dividing the mass of the dry sample by the volume of the cylinder
𝑚

(D = 𝑣 ; V = πr2h) with which it was collected.
2.5 Profitability calculations
Responses from a producer survey were used to determine management practices,
costs and revenues that went into the direct net profitability of each operation. The factors
used for determining profit were: hand yield, return on grain, additional revenue streams
(to determine gross revenue per ha and cost of corn seed/bag, cost of cover crop seed/bag,
cost of drying/cleaning grain, crop insurance, cost of tillage, cost of planting corn, cost of
planting cover crop, cost of fertilizers, cost of herbicides, and cost of irrigation (to
determine total direct costs). One regenerative and six conventional producers did not
respond to the survey. For the conventional farms, state averages for corn seed price, and
return/bu for grain, annual national average diesel prices, and state averages for herbicide
and fertilizers were used. The regenerative farm that did not report back was organic; we
could not find reliable information for organic averages, so this farm and its counterpart
were not included in analysis. Tillage was assumed to be one bout of chisel plowing and
one bout of disking when not reported (though till or lack of tillage was verified).
University of Nebraska 2016 Crop Budgets were used to determine diesel use/h for
equipment. No-till planting used 12.79 L/hour, regular planting used 10.33 L/hour, and
no-till drilling (for cover crops) used 22.98 L/h, broadcasting costs were provided by the
two regenerative farms which broadcasted cover crop seed. Diesel prices were $0.72/L in
2015 and $0.61/L in 2016, based on national averages.
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State averages for seed costs, return on grain, tillages, herbicide use, and fertilizer
use were acquired from state university extension services when necessary. MN state
averages were obtained from University of Minnesota Extension (Bau 2015;16); NE state
averages from University of Nebraska-Lincoln Extension (Wright et al. 2015); ND state
averages from North Dakota State University Extension (Swenson, A. 2015); and SD
averages from South Dakota State University Extension (Davis, J.B., 2015 and 2016).
Only direct costs and revenues were used to calculate profitability. Equipment, labor,
land rent, and repairs were considered overhead or indirect expenses and were not
included in our calculations.
2.6 Data analysis
Data were analyzed using the statistical software SYSTAT® 13 and figures were
created using SigmaPlot (Systat Software, Inc., San Jose, CA). Mean yields/farm and
mean soil metrics/farm were used for Least Square Linear Regression analysis. Each
management practice, regenerative/intermediate, and conventional, were compared to soil
metrics, 16 observations were used for regression, 4 farms were removed due to missing
soil or profitability metrics. Each management practice, regenerative/intermediate, and
conventional, were compared to yield (kg/ha) and profitability (U.S. Dollars/ha) as well,
there were 36 observations (replicate fields yields) for each treatment. Least squares
linear regressions were run to examine relationships between soil metrics and
profitability and yield metrics, and these regressions included 16 farms, accounting for
the farms without all soil and profitability data. Significance level α = 0.05.

144

3.0 Results
3.1 Yields and profits by system
Regenerative corn fields, encompassing regenerative and intermediate systems,
(9,167.26 ± 657.63 kg/ha) had lower yields than conventional fields (11,864.95 ± 659.56
kg/ha) (F1, 70 = 8.39, P = 0.01) (Fig.1). Despite having an average increase of 2,697.69
kg/ha yield, conventional systems made an average of $689.37/ha less profit than
regenerative systems (Fig. 2). Regenerative systems made an average (mean ± SEM) of
$1572.08 ± $180.36 and conventional systems made $882.71 ± $67.78 per ha
(F1, 70 = 12.80, P = 0.001). The biggest drivers of this difference were the cost of seed
($86.14/ha more in conventional systems), cost of fertilizer ($174.19/ha more in
conventional systems), and return on grain ($434.63/ha lower in conventional systems)
(Table 2).
3.2 Yields, profits, and soil characteristics
Soil characteristics did not correlate to yield (P > 0.05), but POM
(F1, 14 = 7.30, P = 0.02) and fPOM (F1, 14 = 9.04, P = 0.01) were positively correlated to
profit (Fig. 3 A) and SOM was not (F1,14 = 0.22, P = 0.65). BD (F1,14 = 6.63, P = 0.02)
was negatively correlated to profit; as BD of the soil decreased, profit increased (Fig. 3
B). Regenerative systems had the most positive indication of healthy soil. Soil
characteristics are listed for each system, mean ± SEM based on g/kg SOM. SOM:
61.23 ± 6.35, POM: 23.75 ± 2.67, fPOM: 22.09, BD: 0.97; intermediate fields SOM:
65.99 ± 7.10, POM: 13.65 ± 1.30, fPOM: 11.82 ± 1.34, BD: 1.26 ± 0.11, and
conventional fields SOM: 58.20 ± 4.61, POM: 16.77 ± 1.30, fPOM: 15.32 ± 1.04, BD:
1.16 ± 0.04 (Table 3). (For a full description of soil characteristics, see Chapter III).
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4.0 Discussion
Despite having lower yield than conventional systems, regenerative systems were
more profitable. This difference in profit was mediated largely by lower input costs, such
as lower seed costs (due to seed without biotechnologies), lower amounts of fertilizer,
and more return on grain. Corn seed with all the dressings- biotechnologies such as Bt
and insecticides and fungicides did not pay off for conventional farmers when compared
to regenerative farms. Chapter II demonstrates that there were more pests in the
conventional systems which used pesticides and Bt corn. The regenerative systems were
able to apply less fertilizer to their systems because they promoted soil biology in their
system, and likely had more microbial activity (Chapter III). Additionally, four of the
regenerative systems integrated cattle into their cropping system, either to graze the cover
crop or corn, contributing natural fertilizer through manure deposition (Zhong et al. 2010;
Russelle et al. 2007). Four of the regenerative systems sold their corn grain for a
premium; the other five were close to state averages, demonstrating that alternative
markets for non-GM or specialty grain are one option for maximizing return on grain. All
regenerative systems also had the additional expense of cover crop seed ($55.58/ha) and
had significantly lower yield (27%), yet still came out financially ahead of conventional
system.
Soil health did not correspond with yield, but several studies have found that healthier
soil is associated with more nutrient availability for crops, if not higher yield (Kumar et
al., 2014; Doran 1987). Regenerative systems had generally healthier soil, but less yield,
which could be partially mediated by the untreated, often organic seed which the
regenerative systems utilized. Several studies have seen lower yield with organic crops
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(Gabriel et al. 2013; Seufert et al. 2012; de Ponti et al. 2011), and in a complex
agroecosystem, soil health is not the only factor at work. We found that soil health was
positively correlated with profit, indicating that managing soil health through a
regenerative farming system is economically beneficial.
Our findings demonstrate that producers can lower their input costs, assist their soils,
and increase their profitability by implementing regenerative practices into their corn
management systems. Harnessing regenerative practices and lowering input costs may be
a producer’s best strategy at maximizing profitability.
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7.0 Tables
Table 1. Soil metrics by management system and practices. Soil organic matter,
(SOM) particulate organic matter as a fraction of soil organic matter (POM), and fine
particulate matter as a fraction of particulate organic matter (fPOM). SOM is presented in
g/kg. Values are presented for each farm. Regenerative practices include use of a cover
crop (yes in cover crop usage column), abandonment of insecticide (no in insecticide
usage column), and abandonment of tillage (no in tillage column). A farm is classified as
a regenerative system if it implements three regenerative practices. A farm is classified as
an intermediate system if it implements 2 regenerative practices. Regenerative and
intermediately regenerative systems are shaded in gray. Conventional practices include
having a period of bare soil (no in cover crop usage column), using insecticides (yes in
insecticide column), and tilling (yes in tillage column). A farm is classified as a
conventional system if it implements one or zero regenerative practices. Conventional
systems are indicated by white rows. SOM, POM, fPOM, and BD are listed for each
farm, as well as mean profit in U.S. dollars/ha. Profit accounts for direct costs and
revenues for the year of interest only, and does not account for overhead or fixed
expenses.

1

County
Webster, NE

System
regenerative

Cover
crop
usage
yes

2

Webster, NE

conventional

no

yes

yes

45.25

19.70

18.23

1.05

1388

3

York, NE

regenerative

yes

no

no

62.05

21.95

20.51

0.80

1373

4

York, NE

conventional

no

yes

yes

55.49

22.36

20.07

1.07

1109

5

Burleigh, ND

regenerative

yes

no

no

41.86

33.09

30.02

0.96

2045

6

Burleigh, ND

conventional

no

yes

no

38.54

16.48

15.01

1.15

509

7

Burleigh, ND

regenerative

yes

no

no

58.21

20.30

19.06

0.99

483

8

Burleigh, ND

conventional

no

yes

no

0.99

274

9

Brookings, SD

intermediate

yes

no

yes

67.16

10.15

8.82

1.60

N/A

10

Brookings, SD

conventional

no

yes

yes

55.21

18.54

17.03

1.34

864

11

Pipestone, MN

intermediate

yes

no

yes

0.98

3314

12

Pipestone, MN

conventional

no

yes

yes

47.50

18.98

16.46

1.24

855

13

Deuel, SD

intermediate

yes

yes

no

75.97

16.33

15.22

1.19

932

Insecticide
usage
no

Till
no

SOM
62.30

%PO
M
25.69

%fPOM
24.60

BD
0.88

Profit
$/ha
3228
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14

Deuel, SD

conventional

no

yes

yes

63.80

13.56

13.56

1.10

790

15

Lac qui Parle, MN

intermediate

yes

no

yes

75.28

13.53

12.26

1.11

1630

16

Lac qui Parle, MN

conventional

no

yes

yes

73.63

15.66

14.46

1.15

1445

17

Kingsbury, SD

regenerative

yes

no

no

81.74

17.71

16.27

1.22

1147

18

Kingsbury, SD

conventional

no

yes

yes

81.79

15.12

13.75

1.11

1036

19

Hamlin, SD

intermediate

yes

yes

no

45.56

14.59

10.98

1.43

499

20

Hamlin, SD

conventional

no

yes

yes

62.61

10.52

9.34

1.41

839
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Table 2. Costs and revenues by management system. Regenerative practices include
use of a cover crop, abandonment of insecticide, and abandonment of tillage. A farm is
classified as a regenerative system if it implements two (intermediately regenerative) or
three (regenerative) regenerative practices. Conventional practices include having a
period of bare soil, using insecticides, and tilling. A farm is classified as a conventional
system if it implements one or zero regenerative practices. Sources of revenue are shaded
in gray, costs are in white, and profit/ha = (total revenue)-(total costs). Each value is a
mean by system. Prices are presented by main input or output category and are presented
in mean U.S. dollars/ha.

Return on grain/ha
Other income/ha
Cost of seed/ha
Cost of herbicide/ha
Cost of crop insurance/ha
Cost of preparing seed/ha
Cost of tilling and planting/ha
Cost of fertilizer
Cost of cover crop/ha
Cost of irrigation /ha
Profit/ha

Regenerative
$1994.34
$21.61
$151.39
$77.79
$39.97
$11.82
$6.13
$91.59
$50.07
$15.10
$1572.08

Conventional
$1559.71
$0.00
$237.53
$63.72
$62.28
$9.49
$4.15
$265.78
$0.00
$34.05
$882.71
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Table 3. Mean soil metrics by management. Soil organic matter (SOM), particulate
organic matter (%POM) as a fraction of soil organic matter, and fine particulate matter as
a fraction of particulate organic matter (%fPOM). SOM is presented in g/kg. Values are
presented as mean ± SEM for each system type. Regenerative practices include use of a
cover crop, abandonment of insecticide, and abandonment of tillage. A farm is classified
as a regenerative system if it implements three regenerative practices. A farm is classified
as an intermediately regenerative system if it implements two or more regenerative
practices. Conventional practices include having a period of bare soil, using insecticides,
and tilling. A farm is classified as a conventional system if it implements one or zero
regenerative practices.

System
SOM
% POM
% fPOM
BD
Regenerative 61.23 ± 6.35 23.75 ± 2.67 22.09 ± 2.39 0.97 ± 0.07
Intermediate 65.99 ±7.10 13.65 ± 1.30 11.82 ± 1.34 1.26 ± 0.11
Conventional 58.20 ± 4.61 16.77 ± 1.30 15.32 ± 1.04 1.16 ± 0.04
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Figure 1. Corn yields by management system. Values represent average yields of corn
for each field, by management system, in kg/ha. Significance level: α = 0.05.
Regenerative practices include use of a cover crop, abandonment of insecticide, and
abandonment of tillage. A farm is classified as a regenerative system if it implements
three regenerative practices. A farm is classified as an intermediately regenerative system
if it implements 2 regenerative practices. Conventional practices include having a period
of bare soil, using insecticides, and tilling. A farm is classified as a conventional system
if it implements one or zero regenerative practices.
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Figure 2. Profitability by management system. Values represent average net profit of
corn for each field, by management system, in kg/ha. Profit was calculated using direct
costs and revenues for the field in the year of interest and excludes any overhead and
indirect expenses. Significance level: α = 0.05. A farm is classified as a regenerative
system if it implements three regenerative practices. Regenerative practices include use
of a cover crop, abandonment of insecticide, and abandonment of tillage. A farm is
classified as an intermediately regenerative system if it implements 2 regenerative
practices. A farm is classified as a conventional system if it implements one or zero
regenerative practices. Conventional practices include having a period of bare soil, using
insecticides, and tilling.
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Figure 3. Soil health and farm profit. A. Values represent average net profit of corn for
each field, in kg/ha and corresponding % POM values as a fraction of SOM for that field.
Higher % POM values are generally considered positive indicators of soil health.
B. Values represent average net profit of corn for each field, in kg/ha and corresponding
BD values for that field.BD was recorded by dividing the mass of the dry sample by the
𝑚
volume of the cylinder (D = 𝑣 ; V = πr2h) with which it was collected. Lower BD values
are generally considered positive indicators of soil health. Profit was calculated using
direct costs and revenues for the field in the year of interest and excludes any overhead
and indirect expenses. Significance level: α = 0.05.
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APPENDIX
A.1. Foliar invertebrate community characteristics. Values are mean ± SEM
invertebrate abundance in m2 and species richness. Till: regen. = no-till, conven. = till.
Cover: regen.= use of cover crop, conven. = no cover. Insct: regen. = abandonment of
insecticide, conven.= use of insecticide. Regenerative system: uses 2-3 regenerative
practices. Conventional system: uses 2-3 conventional practices.
Foliar
Abundance/m2
Regen

Conven

Richness
Stats

Regen

Conven

Stats

4.93 ± 0.43

4.68 ± 0.37

F1, 78 = 0.05,

Early season
System

37.88 ± 6.30

18.90 ± 2.18

F1, 78 = 2.67,
P = 0.11

Till

30.80 ± 7.13

26.42 ± 2.54

F1, 78 = 5.61,

P = 0.82
4.33 ± 0.50

5.18 ± 0.30

P = 0.02
Cover

37.88 ± 6.30

18.90 ± 2.18

F1, 78 = 2.67,

P = 0.01
4.93 ± 0.43

4.68 ± 0.37

P = 0.11
Insct.

39.64 ± 7.77

20.89 ± 2.10

F1, 78 = 0.72,

F1, 78 = 7.60,

F1, 78 = 0.05,
P = 0.82

4.38 ± 0.41

5.08 ± 0.37

P = 0.40

F1, 78 = 1.49,
P = 0.23

Late season
System

Till

Cover

Insct.

92.69 ± 7.11

208.47 ±

F1, 77 = 2.22,

13.48 ±

45.48

P = 0.14

0.64

188.66 ±

121.60 ±

F1, 77 = 0.57,

12.84 ±

25.94

37.63

P = 0.45

0.71

92.69 ± 7.11

208.47 ±

F1, 77 = 1.96,

13.48 ±

45.48

P = 0.17

0.64

190.41 ±

F1, 77 = 4.45,

12.86 ±

39.19

P = 0.04

0.76

93.88 ± 8.32

12.78 ± 0.64

F1, 77 = 1.04,
P = 0.31

13.37 ± 0.58

F1, 77 = 1.22,
P = 0.27

12.78 ± 0.64

F1, 77 = 0.02,
P = 0.89

13.32 ± 0.56

F1, 77 = 1.11,
P = 0.30
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A.2. Foliar invertebrate community characteristics continued. The statistical results
of community diversity and evenness for regenerative versus conventional practices and
systems. A brief description of practices is provided: Till: regenerative = no-till,
conventional = till. Cover: regenerative = use of cover crop, conventional = no cover.
Insct: regenerative = abandonment of insecticide, conventional = use of insecticide.
Regenerative system: uses 2-3 regenerative practices. Conventional system: uses 2-3
conventional practices. A superscript R represents that the regenerative counterpart had
significantly greater values and a superscript C means that the conventional counterpart
had significantly greater values. The significance level is α=0.05.
Foliar
Diversity

Evenness

Early season
System

F1, 78 = 3.68, P = 0.06 C

F1, 78 = 5.16, P = 0.03 C

Till

F1, 78 = 1.27, P = 0.26

F1, 78 = 0.03, P = 0.86

Cover

F1, 78 = 3.68, P = 0.06 C

F1, 78 = 5.16, P = 0.03 C

Insct.

F1, 78 = 8.10, P = 0.01 C

F1, 78 = 5.33, P = 0.02 C

Late season
System

F1, 77 = 1.07, P = 0.31

F1, 77 = 5.17, P = 0.03 C

Till

F1, 77 = 3.55, P = 0.07

F1, 77 = 16.16, P < 0.001 C

Cover

F1, 77 = 1.25, P = 0.27

F1, 77 = 5.17, P = 0.03 C

Insct.

F1, 77 = 0.01, P = 0.93

F1, 77 = 0.56, P = 0.46
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B.1. Epigeal invertebrate community characteristics. Values are mean ± SEM
invertebrate abundance in m2 and species richness. Till: regen. = no-till, conven. = till.
Cover: regen.= use of cover crop, conven. = no cover. Insct: regen. = abandonment of
insecticide, conven.= use of insecticide. Regenerative system: uses 2-3 regenerative
practices. Conventional system: uses 2-3 conventional practices.
Epigeal
Abundance/m2
Regen

Conven

Richness
Stats

Regen

Conven

Stats

14.23 ± 1.18

10.95 ± 0.93

F1, 78 = 2.18,

Early season
System

Till

Cover

Insct.

65.78 ± 10.14

65.27 ± 11.00

65.78 ± 10.14

72.18 ± 12.06

53.04 ±

F1, 78 = 2.50,

11.59

P = 0.12

54.62 ±

F1, 78 = 2.78,

10.74

P = 0.10

53.04 ±

F1, 78 = 2.50,

11.59

P = 0.12

50.90 ± 9.88

F1, 78 = 4.70,

P = 0.14
13.81 ± 1.10

11.59 ± 1.06

F1, 78 = 2.95,
P = 0.09

14.23 ± 1.18

10.95 ± 0.93

F1, 78 = 2.18,
P = 0.14

15.28 ± 1.29

10.79 ± 0.87

P = 0.03

F1, 78 = 5.11,
P = 0.03

Late season
System

146.36 ±

60.90 ± 8.84

28.42
Till

Cover

24.53 ± 1.32

13.28 ± 0.93

P < 0.001

128.02 ±

83.67 ±

F1, 78 = 2.70,

30.90

12.31

P = 0.11

146.36 ±

60.90 ± 8.84

F1, 78 = 15.91

28.42
Insct.

F1, 78 = 15.92

P < 0.001
22.22 ± 1.45

16.18 ± 1.31

65.75 ±

F1, 78 = 16.17

34.54

8.74

P < 0.001

F1, 77 = 8.50,
P = 0.01

24.53 ± 1.32

13.28 ± 0.93

P < 0.001

160.45 ±

F1, 78 = 28.79,

F1, 78 = 28.79,
P < 0.001

25.56 ± 1.39

14.46 ± 1.02

F1, 78 = 25.72,
P < 0.001
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B.2. Epigeal invertebrate community characteristics continued. The statistical results
of community diversity and evenness for regenerative versus conventional practices and
systems. A brief description of practices is provided: Till: regenerative = no-till,
conventional = till. Cover: regenerative = use of cover crop, conventional = no cover.
Insct: regenerative = abandonment of insecticide, conventional = use of insecticide.
Regenerative system: uses 2-3 regenerative practices. Conventional system: uses 2-3
conventional practices. A superscript R represents that the regenerative counterpart had
significantly greater values and a superscript C means that the conventional counterpart
had significantly greater values. The significance level is α=0.05.
Epigeal
Diversity

Evenness

Early season
System

F1, 78 = 0.64, P = 0.43

F1, 78 = 0.47, P = 0.49

Till

F1, 78 = 0.65, P = 0.42

F1, 78 = 1.38, P = 0.24

Cover

F1, 78 = 0.64, P = 0.43

F1, 78 = 0.47, P = 0.49

Insct.

F1, 78 = 2.04, P = 0.16

F1, 78 = 0.31, P = 0.58

Late season
System

F1, 78 = 5.09, P = 0.03 R

F1, 78 = 1.21, P = 0.27

Till

F1, 78 = 2.10, P = 0.15

F1, 78 = 0.45, P = 0.50

Cover

F1, 78 = 5.09, P = 0.03 R

F1, 78 = 1.21, P = 0.27

Insct.

F1, 78 = 4.02, P = 0.05 R

F1, 78 = 1.47, P = 0.23
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C.1. Soil invertebrate community characteristics. Values are mean ± SEM invertebrate
abundance in m2 and species richness. Till: regen. = no-till, conven. = till. Cover:
regen.= use of cover crop, conven. = no cover. Insct: regen. = abandonment of
insecticide, conven.= use of insecticide. Regenerative system: uses 2-3 regenerative
practices. Conventional system: uses 2-3 conventional practices.
Soil
Abundance/m2
Regen

Conven

Richness
Stats

Regen

Conven

Stats

11.13 ± 0.76

8.05 ± 0.81

F1, 78 = 8.42,

Early season
System

Till

Cover

Insct.

7443.98 ±

3209.83

F1, 78 = 16.73,

158.47

± 64.96

P < 0.001

7790.79 ±

3310.99

F1, 78 = 21.81,

177.51

± 65.97

P < 0.001

7443.98 ±

3209.83

F1, 78 = 16.73,

158.47

± 64.96

P < 0.001

6425.07 ±

4595.79

F1, 78 = 4.79,

168.80

± 106.15

P = 0.03

P = 0.01
10.31 ± 0.57

8.36 ± 0.61

F1, 78 = 4.20,
P = 0.04

11.13 ± 0.76

8.05 ± 0.81

F1, 78 = 8.42,
P = 0.01

11.19 ± 0.83

8.52 ± 0.76

F1, 78 = 6.20,
P = 0.02

Late season
System

Till

Cover

Insct.

8136.62 ±

5715.56

F1, 78 = 9.70,

930.70

± 914.94

P = 0.003

9735.31 ±

4627.64

F1, 78 = 27.00,

1010.40

± 716.58

P < 0.001

8136.62 ±

5715.56

F1, 78 = 9.70,

930.70

± 914.94

P = 0.003

8101.76 ±

6142.31

F1, 78 = 5.71,

1049.97

± 844.01

P = 0.02

10.88 ± 0.50

7.60 ± 0.48

F1, 78 = 24.73,
P < 0.001

10.31 ± 0.57

8.36 ± 0.51

F1, 78 = 7.12,
P = 0.01

10.88 ± 0.50

7.60 ± 0.48

F1, 78 = 24.73,
P < 0.001

11.09 ± 0.60

8.00 ± 0.44

F1, 78 = 17.77,
P < 0.001
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C.2. Soil invertebrate community characteristics continued. The statistical results of
community diversity and evenness for regenerative versus conventional practices and
systems. A brief description of practices is provided: Till: regenerative = no-till,
conventional = till. Cover: regenerative = use of cover crop, conventional = no cover.
Insct: regenerative = abandonment of insecticide, conventional = use of insecticide.
Regenerative system: uses 2-3 regenerative practices. Conventional system: uses 2-3
conventional practices. A superscript R represents that the regenerative counterpart had
significantly greater values and a superscript C means that the conventional counterpart
had significantly greater values. The significance level is α=0.05.
Soil
Diversity

Evenness

Early season
System

F1, 78 = 0.03, P = 0.86

F1, 78 = 3.57, P = 0.06 C

Till

F1, 78 = 0.12, P = 0.73

F1, 78 = 5.30, P = 0.02 C

Cover

F1, 78 = 0.03, P = 0.86

F1, 78 = 3.57, P = 0.06 C

Insct.

F1, 78 = 0.01, P = 0.92

F1, 78 = 4.73, P = 0.03 C

Late season
System

F1, 78 = 7.04, P = 0.01 R

F1, 78 = 0.58, P = 0.45

Till

F1, 78 = 0.05, P = 0.83

F1, 78 = 4.61, P = 0.04 C

Cover

F1, 78 = 7.04, P = 0.01 R

F1, 78 = 0.58, P = 0.45

Insct.

F1, 78 = 6.31, P = 0.01 R

F1, 78 = 0.90, P = 0.35
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D.1. Early season pest abundances by system and practice. Values are mean ± SEM
pests/m2 by system and practice. A brief description of practices is provided: Till:
regenerative = no-till, conventional = till. Cover: regenerative = use of cover crop,
conventional = no cover. Insecticide: regenerative = abandonment of insecticide,
conventional = use of insecticide. Regenerative system: uses 2-3 regenerative practices.
Conventional system: uses 2-3 conventional practices. The significance level is α=0.05.
Regenerative
2
pests/m

Conventional
2
pests/m

System

1.66 ± 0.86

1.84 ± 0.75

F

= 0.01, P =0.94

Till

0.44 ± 0.22

2.82 ± 0.99

F

= 4.75, P = 0.03

Cover

1.66 ± 0.86

1.84 ± 0.75

F

= 0.01, P = 0.94

Insecticide

1.76 ± 0.64

1.76 ± 0.64

F

= 0.17, P = 0.68

Statistics
1, 78

1, 78
1, 78
1, 78
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D.2. Late season pest abundances by system and practice. Values are mean ± SEM
pests/m2 by system and practice. A brief description of practices is provided: Till:
regenerative = no-till, conventional = till. Cover: regenerative = use of cover crop,
conventional = no cover. Insecticide: regenerative = abandonment of insecticide,
conventional = use of insecticide. Regenerative system: uses 2-3 regenerative practices.
Conventional system: uses 2-3 conventional practices. The significance level is α=0.05.
Regenerative
2
pests/m

Conventional
2
pests/m

System

12.94 ± 2.95

127.99 ± 42.04

Till

14.63 ± 3.52

109.70 ± 36.29

Cover

12.94 ± 2.95

127.99 ± 42.04

Insecticide 14.63 ± 3.52

109.70 ± 36.29

F

1, 77

Statistics
= 13.52, P < 0.001

F

1, 77

F

1, 77

F

= 1.20, P = 0.28

= 13.52, P < 0.001

1, 77

= 6.03, P = 0.02
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E. Water infiltration rates by system. Values are mean ± SEM seconds for water to
infiltrate the soil in each system. Early season and late season rates are denoted, as is the
first and second application of water. A brief description of practices which define each
system is provided: Till: regenerative = no-till, conventional = till. Cover: regenerative =
use of cover crop, conventional = no cover. Insecticide: regenerative = abandonment of
insecticide, conventional = use of insecticide. Regenerative system: uses 2-3
regenerative practices. Conventional system: uses 2-3 conventional practices. The
significance level is α=0.05.

Early
season
Late
season

First application infiltration rate
(seconds)
Regen.
Conven.
n=10
n=8
Statistics
468.89 ± 502.44 ± F1,16 = 0.01,
197.92
202.83
P = 0.91
906.50 ±
1306.38 F1,16 = 0.39,
331.58
± 584.17
P = 0.54

Second application infiltration rate
(seconds)
Regen.
Conven.
n=10
n=8
Statistics
1346.20
1659.38 F1,16 = 0.24,
± 389.17 ± 528.85
P = 0.63
1729.30
1386.75
F1,16 = 0.21,
± 492.51 ± 561.53
P = 0.65
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F. Soil health data by system. Values are mean ± SEM SOM, POM as a percent of
SOM, fPOM as a percent of SOM, and BD for each system. A brief description of
practices which define each system is provided: Till: regenerative = no-till, conventional
= till. Cover: regenerative = use of cover crop, conventional = no cover. Insecticide:
regenerative = abandonment of insecticide, conventional = use of insecticide.
Regenerative system: uses 3 regenerative practices. Intermediate system: uses 2
regenerative practices. Conventional system: uses 2-3 conventional practices. The
significance level is α=0.05.
Regenerative

Intermediate

Conventional

Statistics
= 0.43, P = 0.66

SOM (g/kg)

61.23 ± 6.35

65.99 ±7.10

58.20 ± 4.61

F

% POM

23.75 ± 2.67 A

13.65 ± 1.30 B

16.77 ± 1.30 B

F

= 7.23, P = 0.01

% fPOM

22.09 ± 2.39 A

11.82 ± 1.34 B

15.32 ± 1.04 B

F

= 9.00, P = 0.003

0.97 ± 0.07 A

1.26 ± 0.11 B

1.16 ± 0.04 AB

F

3

BD g/cm

2,15
2,15

2,15

2,15

= 3.75, P = 0.05
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G. Efficacy of and soil health within exclusion and inclusion cylinders. Values are
mean ± SEM SOM, POM as a percent of SOM, fPOM as a percent of SOM, BD and
invertebrate abundance for each cylinder type. Exclusion cylinders reduced the number of
invertebrates in the soil, inclusion cylinders allowed invertebrates into the cylinders. The
soil characteristics within each cylinder were compared early and late in the season, and
the differences in soil characteristics from early to late in the season were compared
between cylinder type. The abundance of invertebrates were taken from a random
subsample of cylinders to measure the efficacy of the cylinders at reducing or including
invertebrates. The significance level is α=0.05.
Exclusion

SOM

%POM

%fPOM

BD

Inverts

Difference
(late-early season)

Inclusion

Early
season
n=18

Late
season
n=18

Stats

Early
season
n=18

Late
season
n=18

Stats

Excl.
n=18

Incl.
n=18

61.51
± 3.33

60.47
± 3.60

F1,34 =
0.05,
P = 0.83

61.82
± 2.98

61.33
± 3.27

F1,34 =
0.01,
P = 0.91

-1.04 ±
1.91

-0.49 ±
0.85

-0.30 ±
1.00

-0.94 ±
0.99

F1,34 =
0.21,
P = 0.65

0.24 ±
0.93

-0.79 ±
0.96

F1,34 =
0.60,
P = 0.44

18.32
± 1.48

18.02
± 1.52

F1,34 =
0.02,
P = 0.89

18.16
± 1.72

17.22
± 1.17

16.47
± 1.52

16.72
± 1.54

F1,34 =
0.03,
P = 0.88

16.59
± 1.58

15.80
± 1.02

F1,34 =
0.00,
P = 0.98
32.00 ± 0.74 n=15

1.13 ±
0.04

1.13 ±
0.06

F1,34 =
0.20,
P=
0.66
F1,34 =
0.21,
P = 0.65

F1,34 =
0.32,
P = 0.57
88.33 ± 4.25 n=15

1.13 ±
0.05

1.18 ±
0.06

Stats
F1,34 =
0.07,
P = 0.80

F1,34 =
0.54,
P = 0.47
F2,42= 6.19, P = 0.004

0.0003
± 0.05

0.04 ±
0.04

